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ABSTRACT

Author: Judkins, Eileen, C. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Multifaceted Inorganic Chemistry: Metal Oxide Materials for use in Oxidation Catalysis & - The Synthesis and Photophysics of Macrocyclic Transition Metal-Alkynyl
Complexes
Committee Chair: Tong Ren
The first chapter focuses on the synthesis and characterization of four new Cr(III)-bisalkynyl complexes bearing the macrocyclic tetraaza ligand DMC (DMC = 5,12-dimethyl-1,4,8,11tetraazacyclotetradecane). The complexes trans-[Cr(DMC)(C2R)2]X (R = Ph ([1.1]X), Fc ([1.2]X),
X = Cl, ClO4; C2H ([1.3]X′); X′ = ClO4, BPh4) and cis-[Cr(DMC)(C4TMS)2]Cl ([1.4]Cl) were
studied using UV-vis and FT-IR spectroscopies, and their identities were verified with ESI-MS
and elemental analysis. The three trans-complexes, [1.1]Cl, [1.2](ClO4), and [1.3](BPh4), were
structurally characterized using single crystal X-ray diffraction, which revealed a pseudooctahedral geometry around the Cr center with the nitrogen atoms occupying the equatorial plane
and the alkynyl ligands residing in the apical positions. Spectroscopic analysis of [1.1]Cl,
[1.3](BPh4) and [1.4]Cl shows highly structured d-d bands between 320 and 500 nm. All Cr(III)
complexes reported herein are emissive, and detailed studies were performed for [1.1]Cl,
[1.3](BPh4) and [1.4]Cl, yielding both phosphorescence lifetimes (77 K) of 380 μs, 358 μs, and
160 μs, respectively, and room temperature quantum yields of 0.01% for complex [1.1]Cl and 0.15%
for complex [1.4]Cl.
Chapter 2 expands on the above investigation of Cr(III) complexes, incorporating
fluorophore ligand substituents. Two Cr(III) bis-ethynylnaphthalene (C2Np) complexes, trans[Cr(HMC)(C2Np)2]Cl (2.1) and cis-[Cr(HMC)(C2Np)2]Cl (2.2), were prepared from the reactions
between trans/cis-[Cr(HMC)Cl2]Cl and lithium 1-ethynylnaphthalene (LiC2Np) in yields of 73.4%
and 66.2%, respectively. Also investigated are CoIII(cyclam) complexes bearing both C2Np and
C2ANT (ANT = anthryl), namely [Co(cyclam)(C2Ar)Cl]Cl (Ar = ANT(2.3), Np (2.4)),
[Co(cyclam)(C2Np)(NCCH3)](OTf)2 (2.5), and [Co(cyclam)(C2Np)2]OTf (2.6). Complexes 2.3
(72.2%) and 2.4 (67.4%) were prepared from the reaction between [Co(cyclam)Cl2]Cl and
Me3SiC2ANT or Me3SiC2Np, respectively, in the presence of a weak base (triethylamine). The

xv
reaction of 2.4 with excess silver triflate in CH3CN yielded complex 2.5 (77.7%), which was
reacted with HC2Np in the presence of a weak base to form complex 2.6 in 39.2% yield. Single Xray diffraction studies of 2.1, 2.3, 2.4, and 2.6 revealed a pseudo-octahedral geometry around the
Cr(III) or Co(III) center, with the tetraaza-macrocyclic ligand occupying the equatorial plane and
the alkynyl- and/or chloro-ligand occupying the apical positions. As observed in chapter one, the
absorption spectra of complexes 2.1 and 2.2 display structured d-d bands between 400 and 550 nm,
which is absent in the spectra of the Co(III) complexes 2.3-2.6. Contrasting emission behaviors
were observed: the Cr(III) complexes display metal-centered phosphorescence while the Co(III)
species exhibit ligand based fluorescence. Time-delayed phosphorescence measurements revealed
lifetimes of 447 μs and 97 μs for 2.1 and 2.2 at 77 K, respectively, and a room temperature lifetime
of 218 μs for 2.1.
Chapter 3 discusses the use of different metal oxide materials for oxidation catalysis and
is organized in three parts. First, the polyoxometalate [Mo2O11]2- is investigated for its ability to
catalyze the oxygenation of methyl phenyl sulfide (MPS), finding excellent activity for both
sulfoxide and sulfone when employing hydrogen peroxide, with complete consumption of MPS
within 2 h. Decreased rates and a preference for the formation of sulfoxide were found when using
tert-butyl hydrogen peroxide (TBHP). Next, supported RuO2 nanoparticulates are utilized for
water oxidation. Several different ways of preparing these supported RuO2 nanoparticulates are
discussed and evaluated for efficiency, finding that preparing RuO2 nanoparticulates via
hydrothermal methods and passively diffusing them into an SBA-15 support yields the highest
activity for water oxidation under both chemical and photochemical reaction conditions. Lastly,
the activity of hematite (α-Fe2O3) was evaluated for the photo-oxidation of aniline to azobenzene.
Both supported and unsupported hematite nanoparticulates were analyzed, finding a preference in
the use of unsupported hematite likely due to the light scattering effect of the support preventing
effective light utilization by the hematite catalyst.

1

CHROMIUM(III) BIS-ALKYNYL SPECIES:
STRUCTURAL AND SPECTROSCOPIC ANALYSIS

Reprinted (adapted) with permission from Judkins, E. C.; Tyler, S. F.; Zeller, M.; Fanwick, P. E.;
Ren, T. “Synthesis and Investigation of Macrocyclic CrIII Bis(alkynyl) Complexes: Structural
and Spectroscopic Properties” Eur. J. Inorg. Chem. 2017, 2017, 4068-4076. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.1

Introduction
The field of metal alkynyl chemistry emerged decades ago from the primary interest to

demonstrate the similarity between acetylides and the isoelectronic cyanide ion as coordinating
ligands.1 These compounds, mostly homoleptic in nature, were interesting for their structural
chemistry and later for the reactivity of polynuclear metal units connected by bridging alkynyl
ligands. In recent years, metal alkynyl complexes have attracted intense interest for their use as
building blocks of molecular wires2-9 and molecular optoelectronic materials10-13 due to their πdelocalization and rich redox activities of the metal center. Most of the highly conjugated systems
use 4d and 5d metals such as Ru,14-20 Ru23, 21-26 and Re,27, 28 with some examples of 3d metals like
Fe29, 30 and Mn.31 Recent development of linear multi-iron rods bridged by -C4 moiety32 and
conductivity measurements of these rods33 are also noteworthy.
The alkynyl chemistry of 3d metal complexes with polyaza macrocyclic ligands was
discussed in a recent review,34 which addresses the importance of expanding the scope of these
complexes to gain a better understanding of photoinduced electron transfer (PET) and related
photophysical and photochemical processes in these systems. Because Cr(III) has well
documented photophysical properties,35-38 it is an ideal metal center to be utilized in investigations
of new materials for optoelectronic applications, as fluorescence is thought of as an ideal optical
output; it needs no wiring, on/off switching of fluorescence can be affected by photoinduced
electron-transfer or other quenching mechanisms,39 and it can be detected at single molecule
levels.40 In addition to a better understanding of the ability to move electronic charge, the ability
to control and tune the photochemical and photophysical properties of the complex is significant.41
Many Cr(III) complexes are known for their phosphorescence,37, 42 a process which is accompanied
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by long lifetimes and can be affected by the stereochemistry around the metal center as well as the
identity of the coordinating ligands. It should be noted that bis-alkynyl complexes based on
Cr(cyclam) were first investigated by Berben and Long43 and subsequently by several other
groups.44-47
Our interest in polyaza macrocycles stems from their facile and cost-effective synthesis, as
well as their ready coordination with transition metals. Of particular interest have been
macrocycles based on the cyclam (1,4,8,11–tetraazacyclotetradecane) motif. It has been shown
that in some complexes the conformation of the macrocyclic ligand controls the stereochemistry
around the metal center, as is the case with meso- and rac-HMC.48 In the case of DMC (DMC =
5,12–dimethyl–1,4,8,11–tetraazacyclotetradecane), a similar macrocycle, the stereocontrol of the
macrocycle is less significant. While DMC also exists in C-meso and C-rac conformations,
transition metal complexes of both cis- and trans- nature have been reported for both
conformers.49-55 For instance, when the cis/trans-[Cr(DMC)Cl2]X (X = Cl, ClO4) complexes were
prepared from pure C-meso DMC ligand, the cis-isomer predominates 9:1 over the trans-isomer.50
The CrIII-N bonds for these cyclam type polyaza macrocycles have been reported as very robust.50
Additionally, previously reported alkynyl compounds based on the M-tetraaza system were
observed to be stable in air, which is an important characteristic of complexes as active materials
for electronic and optoelectronic applications.34 Therefore, growth of the area of 3d metal ions
complexed by tetraaza macrocycles promises to further advance sustainable metal alkynyl
chemistry. Reported herein are the preparation and analysis of a series of Cr III(DMC)-bis-alkynyl
complexes (1.1-1.4), the photophysical properties for complexes [1.1]Cl, [1.3](BPh4), and [1.4]Cl,
and electrochemical characterization of [1.2](ClO4).
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1.2

Results and Discussion

Scheme 1.1 General Synthesis of cis/trans-CrIII(DMC) bis-alkynyl complexes

1.2.1 Synthesis
Four macrocyclic Cr(III)-bis-alkynyl complexes were synthesized from reactions of cis–
or trans–[Cr(DMC)Cl2]X (X = Cl-, ClO4-) with the appropriate lithium acetylide to yield
complexes 1.1-1.4 (Scheme 1.1). It should be noted that the formation of the trans-alkynyl product
is generally favored, despite the cis-isomer being the predominant species in the starting material.
This observation has been made in the cases of M(cyclam) complexes with M as Fe and Cr.34
Complex trans-[Cr(DMC)(C2Ph)2]X ([1.1]X; X = Cl, ClO4) was prepared from reactions
between either cis- or trans-[Cr(DMC)Cl2]X (X = Cl, ClO4) and 5 equiv of LiC2Ph in 15 h.
Purification was accomplished using a silica gel plug, isolating [1.1]X (X = Cl, ClO4) as a yellow
powder in yields up to 79%. Similarly, the reaction of trans-[Cr(DMC)Cl2]ClO4 with 2 equiv
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LiC2Fc for 15 h yielded the complex trans-[Cr(DMC)(C2Fc)2]ClO4 ([1.2](ClO4)), which was
isolated as a rust colored powder in a 66% yield. Complex [1.2]Cl was also prepared from cis[Cr(DMC)Cl2]Cl at a lower yield (57%).
In contrast to [1.1]X and [1.2]X (X = Cl, ClO4), the stereochemistry of the products from
the reaction using butadiynyl is dependent on the Cr(III) starting material. Thus, trans[Cr(DMC)(C4H)2]ClO4 ([1.3](ClO4)) was prepared from the reaction between trans[Cr(DMC)Cl2]ClO4 and 5 equiv of LiC4SiMe3 over 1 h, and isolated as a yellow solid (41%). The
complex cis-[Cr(DMC)(C4TMS)2]Cl ([1.4]Cl), on the other hand, was prepared from the reaction
of cis-[Cr(DMC)Cl2]Cl and 5 equiv of LiC4SiMe3 over 15 h, and isolated as an orange solid in a
43% yield. A hydroamination byproduct47 (verified by ESI-MS: [M+] = 644 m/z) was observed
during the synthesis of [1.4]Cl and separated from the desired product using column purification.
The dependence of the product stereochemistry on the starting material is similar to what has been
observed for bis-alkynyl complexes using the more sterically crowded HMC ligand.48
It has been observed that the cis-species 1.4+ may isomerize to the trans-species 1.3+
(verified by UV-vis and ESI-MS) when dissolved in a polar coordinating solvent such as
acetonitrile, demonstrating that the trans-conformation is thermodynamically favored. The
spontaneous desilylation of the butadiyne group in complex [1.3](ClO4) renders the complex less
stable in solution, especially in methanol. This made the product difficult to isolate and led to
lower yields of [1.3](ClO4). As a solid, [1.3](ClO4) appears to be indefinitely stable. Because of
the poor solubility of [1.3](ClO4), it was necessary to perform an anion exchange (BPh4-) for the
purpose of further characterization.
Measurement of room temperature magnetic susceptibility using a benchtop balance
yielded effective magnetic moments for complexes [1.1]Cl (3.40 μB), [1.2](ClO4) (3.57 μB) and
[1.4]Cl (3.52 μB), which are somewhat below the expected spin-only value of 3.87 μB for a S = 3/2
center. Because of the limited supply of materials, the magnetic moment of complex [1.3](ClO4)
(4.14 μB) was determined using the Evans method.56, 57 Identity and purity of complexes [1.1]Cl,
[1.2](ClO4), [1.3](ClO4) and [1.4]Cl were verified by ESI-MS and EA. FT-IR shows characteristic
ν(C≡C) that verify the incorporation of the alkynyl ligands.
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1.2.2 Molecular Structures
Single crystals were grown for complexes 1.1+, 1.2+ and 1.3+ with Cl-, ClO4-, and BPh4counter ions, respectively. The effort of crystallizing complex [1.4]Cl failed because of the
aforementioned instability of this complex. The molecular structures of 1.1+, 1.2+ and 1.3+ were
determined via single crystal X-ray diffraction and are shown in Figures 1.1, 1.2 and 1.3,
respectively. The DMC macrocycle adopts the C-meso configuration in all three cases, where the
methyl groups are pointed in opposite direction of the macrocycle plane in a trans-like fashion.
The stereochemistry around the nitrogen centers of the ring presents as the trans-III configuration
(RRSS) (see Appendix A1-A3).58 This configuration yields a planar equatorial backbone, with the
chromium center contained within the nitrogen plane. All three complexes contain a
crystallographic inversion center. Important bond lengths and angles are compiled in Table 1.1.
In complex [1.1]Cl, the Cr-C bond length of 2.089(2) Å is comparable to the averaged
value of 2.085[2] Å for the Cr-C bonds in trans-[Cr(HMC)(C2Ph)2]Cl48 and slightly elongated
versus the averaged bond length for the cyclam analogue, trans-[Cr(cyclam)(C2Ph)2]OTf (2.073[4]
Å).59 As expected, the C≡C bond length of 1.1+ falls into the range of accepted values for a carboncarbon triple bond at 1.213(3) Å,60, 61 and is identical to the averaged lengths observed for trans[Cr(HMC)(C2Ph)2]Cl (1.211[2] Å), and trans-[Cr(cyclam)(C2Ph)2]OTf (1.216[5] Å) within
experimental errors. The Cr1-C1 bond length in 1.2+ (2.084(4) Å) is comparable to that in 1.1+. A
comparison of the bond angles of 1.2+ with those of 1.1+ and 1.3+ shows that 1.2+ exhibits the most
significant deviation from linearity of the Cr1-C1-C2 linkage, with an angle of 170.1(3)°.
Conforming to the crystallographic inversion symmetry at the Cr center, the two ferrocenyl groups
of 1.2+ are in a transoidal arrangement. The Cr1-C1 bond (2.071(2) Å) in 1.3+ (Figure 1.3) is shorter
than those in 1.1+ and 1.2+, which is likely attributed to butadiynyl being the most electron deficient
and hence exhibiting the smallest trans- influence. There is a slight elongation of the C1-C2 bond
(1.217(3) Å) compared to the C3-C4 bond (1.192(3) Å).
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Figure 1.1 ORTEP plot of 1.1+ at 30% probability level. Hydrogen atoms, Cl- and solvent
molecules were omitted for clarity.

Figure 1.2 ORTEP plot of 1.2+ at 30% probability level. Hydrogen atoms and ClO4- were omitted
for clarity.
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Figure 1.3 ORTEP plot of 1.3+ at 30% probability level. Hydrogen atoms and BPh4- were
omitted for clarity.

Table 1.1 Selected bond lengths (Å) and bond angles (°) for [1.1]+, [1.2]+, and [1.3]+
[1.1]+

[1.2]+

[1.3]+

Cr1-N1

2.081(2)

2.080(3)

2.085(2)

Cr1-N2

2.068(2)

2.062(3)

2.074(2)

Cr1-C1

2.089(2)

2.084(4)

2.071(2)

C1-C2

1.213(3)

1.196(5)

1.217(3)

C2-C3

-

-

1.383(3)

C3-C4

-

-

1.192(3)

178.9(2)

170.1(3)

173.4(2)

N1-Cr1-N1ʹ

180.0

180.0

180.0

N2-Cr1-N2ʹ

180.0

180.0

180.0

N1-Cr1-N2

85.89(9)

94.3(1)

85.32(7)

N1-Cr1-N2ʹ

94.11(9)

85.7(1)

94.68(7)

Cr-C1-C2
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1.2.3 UV-vis and IR Spectroscopic Analysis
Complexes [1.1]Cl, [1.3](BPh4), and [1.4]Cl display structured absorption bands between
320-500 nm, consistent with what are expected for a Cr(III) center, 4A2g4T1g / 4T2g (Oh). Such dd transitions in a conventional Cr(III) coordination complex would typically occur at a much lower
molar absorptivity (< 200 M-1cm-1). For instance, the starting materials display two broad bands at
386 nm (31 M-1 cm-1) and 568 nm (19 M-1 cm-1) for trans-[Cr(DMC)Cl2]Cl in DMF, and 412 nm
(98 M-1 cm-1) and 559 nm (123 M-1 cm-1) for cis-[Cr(DMC)Cl2]Cl in DMSO.50 Therefore, the
relatively high extinction coefficients in complexes [1.1]Cl, [1.2](ClO4), [1.3](BPh4), and [1.4]Cl
(600 - 2500 M-1cm-1) are evidence for the d-d bands being intensified by way of mixing with the
Ligand-to-Metal Charge Transfer (LMCT) between the alkynyl ligand and Cr(III) center.59, 62
Strongly absorbing ligand based transitions are observed as well for [1.1]Cl, [1.3](BPh4) and
[1.4]Cl, shown in Figures 1.4b, 1.6b and 1.7b, respectively. The absorption band at 320-430 nm,
the region attributed to the Cr(III) based d-d transition, does not show fine structuring for complex
[1.2](ClO4), although the strong absorption below 320 nm shows indications of fine structuring
(Figure 1.5). To ascertain the origin of the presumed vibronic structuring in [1.1]Cl, [1.3](BPh4)
and [1.4]Cl, the spacing of the vibronic progressions were calculated. For complex [1.1]Cl the
structured band is observed between 330-440 nm (Figure 1.4a) with vibronic progressions falling
in the fingerprint region (~800-950 cm-1, Figure 1.4c), making it impractical to assign them to a
specific vibrational mode.
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Figure 1.4 Absorption spectrum of trans-[Cr(DMC)(C2Ph)2]Cl ([1.1]Cl) in methanol, showing a)
a close up of the structured d-d band, b) the full absorption spectrum, and c) the vibronic
progressions calculated for the fine structured d-d band.
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For solubility purposes, 1.3 was analyzed spectroscopically as its BPh4- salt (Figure 1.6).
The most noticeable feature of the absorption spectrum for complex [1.3](BPh4) is also the
vibronic fine structure of its d-d band which falls between 290-430 nm. The calculated vibronic
progressions (1885-2027 cm-1, Figure 1.6c) fall within the range of ν(C≡C) stretching modes
observed at 2133 cm-1 and 1984 cm-1 in the FT-IR spectrum of [1.3](BPh4).
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Figure 1.5 Full absorption spectrum of trans-[Cr(DMC)(C2Fc)2]ClO4 ([1.2](ClO4)) in
acetonitrile.

11

Figure 1.6 Absorption spectrum of trans-[Cr(DMC)(C4H)2]BPh4 ([1.3](BPh4)) in acetonitrile,
showing a) a close up of the structured d-d band with FTIR of ν(C≡C) stretching modes (inset),
b) the full absorption spectrum, and c) the vibronic progressions calculated for the fine structured
d-d band.
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The overall spectrum of complex [1.4]Cl, shown in Figure 1.7, is quite similar to its transcounterpart, complex [1.3](BPh4). The absorption spectrum displays a bathochromic shift
compared to [1.3](BPh4) (Appendix A4), with its highly structured d-d band between 320-450 nm.
The calculated vibronic progressions for [1.4]Cl (Figure 1.7c) also fall within the range of ν(C≡C)
stretching modes for [1.4]Cl at 2162 cm-1, 2124 cm-1 and 2007 cm-1 as determined from IR (see
the inset in Figure 1.7a). As previously speculated,48 this match could indicate vibronic coupling
between the stretching modes of the C≡C units and the chromium center. In addition to the
structured d-d band, a weak d-d transition is present as a shoulder around 490 nm. The appearance
of the second d-d band is unique to the cis-species, as previously noted for Cr(HMC)-alkynyl
complexes.48 Compared to [1.3](BPh4), the primary d-d band of complex [1.4]Cl is far more
intense due to the absence of an inversion center at the Cr center.
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Figure 1.7 Absorption spectrum of cis-[Cr(DMC)(C4TMS)2]Cl ([1.4]Cl) in acetonitrile, showing
a) a close up of the structured d-d band with FTIR of ν(C≡C) stretching modes (inset), b) the full
absorption spectrum, and c) the vibronic progressions calculated for the fine structured d-d band.
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1.2.4 Emission Studies
The emissive nature of Cr(III) complexes is well established.47, 48, 63-65 Because of the
pseudo-octahedral geometry adopted by the complexes [1.1]Cl, [1.3](BPh4) and [1.4]Cl, the
transitions can be narrowed to two possible spin-allowed excitations: the ground state 4A2g to either
4

T1g or 4T2g. Intersystem crossing to the lower lying doublet states, 2Eg and/or 2T1g, allows for

phosphorescence to occur.
Emission spectra of [1.1]Cl, [1.3](BPh4) and [1.4]Cl are displayed in Figure 1.9 and
relevant parameters are compiled in Table 2.2. While complex [1.2](ClO4) is also emissive at 77K
(Figure 1.8), the signal is weak with no discernible lifetime under described experimental
conditions, preventing further analysis.

Emission Intensity, a.u.
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Figure 1.8 Emission spectrum of trans-[Cr(DMC)(C2Fc)2]ClO4 ([1.2](ClO4)) at 77 K (λex = 454
nm) in 4:1 EtOH:MeOH glassing solution

The room temperature emission spectra collected for complexes [1.1]Cl and [1.4]Cl show
a sharp but featureless peak above 730 nm. The emission spectrum of [1.3](BPh4) is broader and
shows signs of fine structure even at room temperature. In general, the emission intensities of all
three complexes are weaker at room temperature than those measured in frozen glass. Based on
these findings and previous studies, the observed emissions are assigned as 2T1g  4A2g (Oh), due
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to the red-shift of the emissions when compared to the value of the traditional 2Eg  4A2g emission,
which is closer to 700 nm.48,

59

Theory suggests that assignment as 2T1g emitters implies a

difference in π effects of the axial and equatorial ligands, such as a tetraamine complex (σ-donating)
with two π-donors in the axial positions.59, 66 It is well established that the acetylide ligands are πdonating in metal alkynyl complexes,67-69 and this is especially true with an electron deficient
Cr(III) center.70
At 77 K, complexes [1.1]Cl, [1.3](BPh4) and [1.4]Cl exhibit lifetimes of 380 μs, 358 μs,
and 160 μs, respectively. Lifetimes were calculated from decay curves generated by measuring the
intensity decrease with increasing delay times (Appendix A5-A10). All three complexes show
significantly reduced room temperature lifetimes at 95 μs, 113 μs, and 68 μs for [1.1]Cl, [1.3](BPh4)
and [1.4]Cl, respectively. This drop is most pronounced for complex [1.1]Cl, conceivably due to
quenching of the emission by another doublet state. The emission profile of the complex [1.1]Cl
shows one such emission at 728 nm (Figure 1.9a). This secondary emission is less intense than the
main emission and significantly blue shifted, which is more indicative of an emission from the 2Eg
state59, 71 whereas the dominant emission at 745 nm originated from the 2T1g state. The lifetime of
this small emission feature is shorter than the dominant emission, at only 222 μs. The strong 0-0
emission for [1.1]Cl is a curiosity, as it should be forbidden for a centrosymmetric complex.36 It is
likely that a rotation of the phenyl ring introduces enough asymmetry to make the transition more
allowed.
The emission profile of [1.3](BPh4) is consistent with a centrosymmetric molecule, where
the 0-0 transition is not the dominant emission. The room temperature spectrum (Figure 1.9b)
indicates the possibility of additional close lying doublet states blue shifted from the 0-0 emission
at 755 nm (red line), that are not observed in the 77 K spectrum (green line). Also noteworthy is
the significantly shorter lifetime of [1.4]Cl (160 μs) compared to that of its trans counterpart,
[1.3](BPh4) (358 μs). In the past this has been speculated to be due to a difference in geometric
strain that may possibly allow for the cis-species to access other or more favorable relaxation
pathways, leading to a decrease in its lifetime.72, 73 Complex [1.4]Cl displays an emission profile
typical for a non-centrosymmetric complex, with a sharp and intense 0-0 emission, followed by
less intense vibronic peaks arising from the relaxation to successive vibrational levels of the
ground state (Figure 1.9c).
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Figure 1.9 Emission spectra of a) [1.1]Cl at room temperature (red – λex = 420 nm) in degassed MeCN
and at 77 K (green – λex = 424 nm ) in 4:1 EtOH:MeOH glassing solution; b) [1.3](BPh4) at room
temperature (red – λex = 403 nm) in degassed MeCN and at 77 K (green – λex = 403 nm) in 4:1
EtOH:MeOH glassing solution; c) and [1.4]Cl at room temperature (red – λex = 427 nm) in degassed
MeCN and at 77 K (green – λex = 427 nm) in 4:5 propionitrile:butyronitrile glassing solution
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Table 1.2 Photophysical Data for Complexes 1.1, 1.3 and 1.4

1.1
1.3
1.4

Quantum Yield a
ex (nm) Φ (%)
420
0.01

Room Temperature a
τ (µs)
ex (nm)
em (nm)
420
750
95

403
427

403
427

0.15

755
777

Frozen Glass b,c
ex (nm)
em (nm)
424
745
424
728
403
777
427
780

113
68

τ (µs)
380
222
358
160

a

In degassed acetonitrile at room temperature; b 4:1 ethanol/methanol glassing solution at 77 K for
1.1 and 1.3; c 4:5 propionitrile:butyronitrile glassing solution at 77 K for 1.4

Due to the relatively weak room temperature emission from Cr(III) alkynyl complexes,47,
74

there have been very few attempts to assess their feasibility for photophysical and photochemical

applications, for which quantum yield (QY) determination is an essential prerequisite. There are
examples of QYs for general Cr(III) complexes, but they tend to be modest.74, 75 QY analysis was
carried out at room temperature employing the method of standard comparison for optically dilute
solutions76 using a known standard as a reference,77 and calculated via the following equation:

𝐸𝑚(𝑎𝑟𝑒𝑎1)

1−10−𝐴2

𝑛

2

𝜙1 = 𝜙2 × (𝐸𝑚(𝑎𝑟𝑒𝑎2) × 1−10−𝐴1 ) × (𝑛2 )
1

(Equation 1.1)

where ϕ is the quantum yield, A is the absorbance of solution at λex, and n is the refractive index
of the solvent, which in this case can be ignored as all solutions were prepared in acetonitrile. QYs
of 0.0001 and 0.0015 were found for [1.1]Cl and [1.4]Cl, respectively, measured in solution at
room temperature. These QYs correspond well to the in-solution value of 1x10-4 determined for
the relatively strong emitter [Cr(en)3]3+,74 though lower than the QY value of [Cr(en)3]3+ measured
in frozen glass at 77 K (0.0090).75, 78 The homoleptic cyano complex, [Cr(CN)6]3-, displays a QY
of 0.0042 in frozen glass.75 The signal for [1.3](BPh4) at room temperature was too weak to obtain
a reliable QY comparison with the Ru(bpy)3Cl2 standard solution, implying a negligible QY for
[1.3](BPh4).

18
1.2.5 Voltammetric Study of 1.2
Due to our interest about the capability of M(cyclam) species in mediating electron transfer,
trans-[Cr(DMC)(C2Fc)2]ClO4 ([1.2](ClO4)) was included in this series of complexes. For
complexes 1.1-1.4 the d3 chromium center is electrochemically silent within the potential window
permitted by solvent, as is consistent with a stable t2g3 ion. The presence of two ferrocene units in
[1.2](ClO4) allows for probing the possible electronic coupling across the C≡C-Cr-C≡C bridge
using electrochemical techniques such as cyclic voltammetry (CV) and differential pulse
voltammetry (DPV).

Figure 1.10 Cyclic Voltammogram of a 1.0 mM solution of 1.2 in a 0.2 M solution of Bu4NPF6
in acetonitrile at scan rate = 0.1 V/s

As can be seen in Figure 1.10, the cyclic voltammogram shows a quasireversible 2e- couple
at 0.38 V (vs. Ag/AgCl). In an ideal system the Δ𝐸𝑝 for an n electron process is given by the
following equation:79

𝐸𝑝𝑎 − 𝐸𝑝𝑐 =

56.5 mV
𝑛

(Equation 1.2)
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For complex [1.2](ClO4), the Ep value of 72 mV is significantly larger than the expected
value for the 2e- process (28 mV), hinting that the couple observed is the result of two closely
spaced 1e- processes. To estimate the separation of these couples (E), differential pulse
voltammetry (Appendix A11) was performed under the conditions prescribed by Richardson and
Taube,80 yielding a ΔE of 50 mV calculated based on the peak width at half height for a two-step
process (110 mV). This value is only slightly smaller than those reported for trans[Fe(cyclam)(C2Fc)2] (74 mV)81 and trans-[Cr(cyclam)(C2Fc)2]OTf (63 mV),65 but significantly
smaller than those reported for trans-Ru2(DMBA)(C2mFc)2 (296 and 207 mV for m =1 and 2,
respectively).82, 83 These results may suggest a weak but discernable coupling between the two
terminal ferrocenyls in [1.2](ClO4).

1.3

Conclusion
The introduction of Cr(III)-bis-alkynyl complexes supported by the DMC macrocycle

continues to broaden the scope of 3d metal alkynyls. The vibronic coupling observed in the UVvis spectra of [1.3](BPh4) and [1.4]Cl may point toward a capacity to modulate electronic excited
states through selectively exciting these vibrational modes. The determination of phosphorescent
quantum yields for [1.1]Cl and [1.4]Cl will aid our excursion into the realm of photochemical
properties of 3d metal alkynyls, which are being pursued in our laboratory.

1.4

Experimental

1.4.1 Materials
Phenylacetylene and 1,4-bis(trimethylsilyl)butadiyne were purchased from GFS
Chemicals. Ethynylferrocene was synthesized following a literature procedure.[47] The cis/trans[Cr(DMC)Cl2]X (X = Cl, ClO4) starting material was made following a modified method by Hay
et al.[25] All alkynylation reactions were performed under a dry N2 atmosphere using standard
Schlenk procedures. The tetrahydrofuran (THF) solvent used for these reactions was freshly
distilled over Na/benzophenone.
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1.4.2 Physical Measurements
UV-vis spectra were obtained with a JASCO V-670 spectrophotometer. FT-IR spectra
were measured as neat samples using a JASCO FT/IR-6300 spectrometer equipped with an ATR
accessory. ESI-MS were analyzed on a Waters 600 LC/MS. Magnetic susceptibility measurements
of [1.1]Cl, [1.2](ClO4), and [1.4]Cl were taken using a Johnson Matthey Mark-I magnetic
susceptibility balance. The room temperature magnetic moment for [1.3](ClO4) was determined
using the Evans method56, 57 with chemical shifts of ferrocene as the reference. Emission studies
were performed on a Varian Cary Eclipse fluorescence spectrophotometer. Elemental Analysis
was carried out by Atlantic Micro Labs in Norcross, GA. Electrochemical analysis was done on a
CHI620A voltammetric analyzer with a glassy carbon working electrode (diameter = 2 mm), a Ptwire auxiliary electrode, and a Ag/AgCl reference electrode; the analyte concentration is 1.0 mM
in 4 mL dry acetonitrile at a 0.2 M Bu4NPF6 electrolyte concentration. For the quantum yield
measurements, all analyte solutions were prepared in acetonitrile, purged with dry nitrogen and
run at room temperature. The standard solution was matched in absorbance (~0.2) to the analyte
solution at the excitation wavelength (λex = 365 nm). The standard used for the quantum yield
experiments was Ru(bpy)3Cl2, which is reported as ɸ = 0.018±0.00277 for a Ru(bpy)3Cl2 solution
in non-deaerated acetonitrile at room temperature. After obtaining the spectra, all data were
baseline corrected (to y≥0), the instrument emission correction factors were applied, and the
emission area was integrated.
1.4.3 General Synthetic Procedure
cis/trans-[Cr(DMC)Cl2]+ was dried in vacuo and reacted with the appropriate equiv of
lithiated acetylide in THF. After 1-15 h, the reaction was quenched and purified over a silica gel
plug. In general, the desired product band was collected and a solid was precipitated from the
concentrated product fraction by addition of diethyl ether or hexanes.

1.4.3.1 Synthesis of trans-[Cr(DMC)(C2Ph)2]Cl ([1.1]Cl)
A suspension of cis-[Cr(DMC)Cl2]Cl (0.234 g, 0.605 mmol) in THF was combined with a
solution of LiC2Ph (prepared from 3.01 mmol PhC2H and 3.88 mmol n-BuLi) in 25 mL THF and
the reaction mixture was stirred for 15 h. Upon quenching of the reaction with methanol, the crude
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mixture was purified over a silica gel plug and the product was eluted with 3:1 DCM:methanol.
The crude product was further recrystallized from diethyl ether-DCM to give [1.1]Cl as a yellow
solid. Yield: 0.229 g (0.442 mmol - 73.3% based on Cr). μeff (292 K): 3.40 μB. ESI-MS [M+] 482
m/z. UV-vis, λmax/nm (ε/M-1cm-1): 353 (475), 364 (506), 374 (513), 388 (503), 401 (522), 416
(341), 433 (298). FT-IR, ν(C≡C)/cm-1: 2084 (w), 1940 (w). Elem. Anal. Found (Calcd) for
C28H40N4OCrCl (trans-[Cr(DMC)(C2Ph)2]Cl∙H2O): C, 62.31 (62.73); H, 7.50 (7.52); N, 10.36
(10.45).

1.4.3.2 Synthesis of trans-[Cr(DMC)(C2Fc)2]ClO4 ([1.2](ClO4))
Combining trans-[Cr(DMC)Cl2]ClO4 (0.2 g, 0.444 mmol) with a solution of LiC2Fc
(prepared from 1.2 mmol HC2Fc and 2.1 mmol n-BuLi) in 15 mL THF yielded trans[Cr(DMC)(C2Fc)2]ClO4 after stirring for 15 h and quenching with methanol. The reaction solution
was concentrated via rotary evaporation and purified over silica gel, eluting [1.2]ClO4 with acetone,
and recrystallized from diethyl ether-DCM as a rust colored solid. Yield: 0.235 g (0.294 mmol;
66% based on Cr). μeff (292 K): 3.57 μB. ESI-MS [M+] 698 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 272
(4694), 314 (3268), 387 (787), 450sh (380). FT-IR, ν(C≡C)/cm-1: 2183(w, broad), 2089. Elem.
Anal. Found (Calcd) for C36H47N4O4.5CrFe2Cl (trans-[Cr(DMC)(C2Fc)2]ClO4∙0.5H2O): C, 53.56
(53.58); H, 5.78 (5.87); N, 6.67 (6.94).

1.4.3.3 Synthesis of trans-[Cr(DMC)(C4H)2]ClO4 ([1.3](ClO4))
Combining trans-[Cr(DMC)Cl2]ClO4 (0.08 g, 0.1775 mmol) with a solution of LiC4SiMe3
(prepared from 0.89 mmol Me3SiC4SiMe3 and 1.2 mmol n-BuLi) in 15 mL THF yielded trans[Cr(DMC)(C4H)2]ClO4 after 1 h. The reaction was quenched with methanol. The crude reaction
solution was run over celite, concentrated and purified over a silica gel plug, eluting [1.3](ClO4)
last with methanol. During this process the complex desilylates, making the complex less stable,
particularly in alcohols. A yellow solid was isolated as the desired product and recrystallized from
a concentrated acetonitrile solution. Yield: 0.035 g (0.073 mmol; 41.3% based on Cr). ESI-MS
[M+] 378 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 312 (827), 331 (1176), 353 (1461), 380 (1441), 411
(778). FT-IR, ν(C≡C)/cm-1: 2139 (w), 1988 (w). Elem. Anal. Found (Calcd) for C20H35N4O6.5CrCl
(trans-[Cr(DMC)(C4H)2]ClO4∙2.5H2O): C, 45.95 (45.93); H, 6.52 (6.75); N, 10.53 (10.71).
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1.4.3.4 Synthesis of cis-[Cr(DMC)(C4TMS)2]Cl ([1.4]Cl)
Combining cis-[Cr(DMC)Cl2]Cl (0.25 g, 0.646 mmol) with LiC4SiMe3 (prepared from
3.23 mmol Me3SiC4SiMe3 and 4.27 mL n-BuLi) in 15 mL THF

yielded

cis-

[Cr(DMC)(C4TMS)2]Cl after 15 h. The reaction was quenched with water. The crude reaction
mixture was purified over a silica gel plug, eluting [1.4]Cl with 50:50 DCM:acetone. After
concentrating the pure fraction, the desired product was isolated as a pale orange solid,
precipitating upon addition of diethyl ether. Yield: 0.155 g (0.278 mmol; 42.9% based on Cr). μeff
(292 K): 3.52 μB. ESI-MS [M+] 522 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 325 (891), 349 (1132), 375
(1885), 404 (2403), 440 (1403), 490 (105). FT-IR, ν(C≡C)/cm-1: 2162, 2124, 2007. Elem. Anal.
Found (Calcd) for C26H46N4Si2CrCl (cis-[Cr(DMC)(C4TMS)2]Cl): C, 55.69 (55.93); H, 8.41 (8.30);
N, 10.21 (10.03).

1.4.4 X-ray Crystallographic Analysis
Single crystals of complexes [1.1]Cl and [1.2](ClO4) were grown via slow diffusion of
diethyl ether/hexanes into a solution of [1.1]Cl in DCM/methanol and a solution of [1.2](ClO4)
in DCM/acetone, respectively. A counterion exchange was completed on complex 1.3 using an
excess of NaBPh4 in an alcoholic solution, and single crystals of [1.3](BPh4) were grown by
slow evaporation of an acetone/THF solution. X-ray diffraction data for [1.1]Cl and [1.2](ClO4)
were collected on a Nonius KappaCCD diffractometer using Mo Kα (λ = 0.71073 Å) at 295
K/150 K, while [1.3](BPh4) was collected on a Rigaku Rapid II image plate diffractometer using
Cu Kα (λ = 1.54184 Å) at 150 K. The structures were solved using the structure solution
program PATTY in DIRDIF9979 and refined using SHELXTL.80
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Table 1.3 Crystal data for complexes [1.1]Cl, [1.2](ClO4) and [1.3](BPh4).
[1.1]Cl.H2O

[1.2](ClO4)

[1.3](BPh4)

Chemical Formula

C28H38CrN4·Cl·H2O

C36H46CrFe2 N4·ClO4

C20H30CrN4·C24H20B

Formula Weight

536.09

797.92

697.69

Space Group

P21/n (No. 14)

Pbcn (No. 60)

P21/n (No. 14)

a, Å

17.7481 (6)

21.6022(7)

13.6120 (5)

b, Å

8.6871 (3)

10.5433(3)

13.5319 (5)

c, Å

18.0430 (7)

15.4791(4)

20.5901 (6)

β, deg

103.551 (2)

-

103.102 (3)

V, Å3

2704.42 (17)

3525.50(18)

3693.9 (2)

Z

4

4

4

T, K

150

100

100

, Å

0.71073

0.71073

1.54178

ρcalcd, g cm-3

1.317

1.503

1.255

R

0.0431

0.0643

0.0443

0.1205

0.1093

0.1182

2

Rw(F )
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METAL ALKYNYL COMPLEXES BEARING
FLUORESCENT LIGANDS

2.1

Introduction
Transition-metal alkynyl complexes have garnered much interest in the field of molecular

devices such as molecular wires,1-5 molecular devices,6-8 photovoltaics,9-11 sensors,12,13 and
nonlinear optics14,15 due in part to their structural diversity, as well as promising spectral properties
for applications in optoelectronics. Lately, photoinduced electron/energy transfer (PET) processes
in transition metal alkynyl complexes have drawn intense interest. Especially noteworthy is the
vibronic attenuation of PET processes in donor-bridge-acceptor dyads based on trans-bis-alkynyl
Pt(II) species.16,17 Much of the aforementioned efforts are based on 4d and 5d metals, while the
scope of 3d metal alkynyls is limited largely to Fe species pioneered by Lapinte.18,19
During the recent years, our laboratory,20 along with those of Berben,21 Shores,22 Nishijo2326

and Wagenknecht,27 has developed alkynylation chemistry of MIII(cyclam) (cyclam = 1,4,8,11-

tetraazacyclotetradecane) with M as Cr,28 Fe29-31 and Co.32-38 In addition, we also investigated the
synthesis and emission properties of CrIII(cyclam') alkynyl complexes, where cyclam' is the Csubstituted cyclam HMC (5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane)39 or
DMC (7,14-dimethyl-1,4,8,11-tetraazacyclotetradecane).40 While arylalkynyls, with aryl as
phenyl or its derivatives, have been exploited frequently in these studies, alkynyls with expanded
aromatic substituents were limited to the examples of RhIII/CrIII(cyclam) with Ar as naphthalene
and phenanthrene.27 Hence, it is of interest to us to investigate the [MIII(cyclam)(C2Ar)m] type
complexes with Ar as naphthalene or anthracene and m = 1 or 2.
Though far less pervasive than phenylethynyls as ligands for metal-alkynyl chemistry,
naphthalene-ethynyl and anthracene-ethynyl have been incorporated in a number of transition
metal compounds. Naphthalene-ethynyl has been used as mono-dentate ligand for both
mononuclear and polynuclear Pt compounds,41-43 showing complexes with interesting properties
such as two-photon absorption (TPA) abilities with a two-photon induce luminescence (TPIL),41
and ligand-based emission of triplet parentage.41,43 1,8-Diethynylanthracene was used as a
bidentate bridging ligand for dipalladium complexes in an effort to synthesize molecular rectangles
for sensing applications.44 Similar bidentate ligand bridged complexes have been made with Au,
exploiting the capability of alkynyl gold complexes to form supramolecular arrays.45-47 Other
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examples of bi-nuclear gold alkynyl complexes feature 9-ethynyl-anthracene as terminal ligand,47
as well as complexes containing 1,5-ethynylnaphthalene as bridging moiety,46 each displaying rich
photoluminescent behavior of predominantly ligand parentage and of both fluorescent and
phosphorescent nature.
However, few examples exist for 3d transition metal based systems. Lapinte et al. showed
interest in 9,10-diethynylanthracene as bridging moiety between two iron center for its excellent
π-electron delocalization properties,48 relevant to efficient electron transfer. This system was only
later analyzed for its photophysical properties which showed ligand-based emission bands with
small quantum yields,49 and expanded to include mononuclear organoiron anthracenyl
complexes49 and 1,4-diethynylnaphthalene bridged examples.50 Trinickel molecular wires with
terminal anthracenyl moieties have been reported by Cotton, discussing the effect of the linking
group on effective electron transport and subsequent emission implications.51 Another polynuclear
example with copper(I) as the metal, bearing naphthyl substituents, displays unusually long
phosphorescence lifetimes from predominantly ligand-based emissive states.46 An example of a
macrocyclic-polyaza Cr(III) alkynyl species describes a metal based-emissive behavior with the
observation of enhanced metal-alkynyl electronic communication when bearing an arylalkynyl
substituent such as 1-ethynylnaphthalene.27
Explored in this work are the preparation of new CrIII(HMC) and CoIII(cyclam) complexes
(Schemes 2.1 and 2.2) bearing naphthalene-ethynyl or anthracene-ethynyl ligand, and their
structural, spectral and photoluminescent properties.
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2.2

Results and Discussion

2.2.1 Synthesis

Scheme 2.1 General Synthesis of trans/cis-CrIII(HMC) bis-alkynyl complexes

As shown in Scheme 2.1, trans/cis-[Cr(HMC)Cl2]Cl (HMC = 5,5,7,12,12,14hexamethyl-1,4,8,11-tetraazacyclotetradecane) reacts with excess Li(1-ethynylnaphthalene)
(LiC2Np) to yield trans/cis-[Cr(HMC)(C2Np)2]Cl (Np = Naphthyl, 2.1/2.2). The stereochemistry
of the product is entirely dependent on the stereochemistry of the metal macrocycle starting
material, consequently reaction 5 equiv of LiC2Np with trans-[Cr(HMC)Cl2]Cl yields 2.1 after
several hours. Purification was accomplished using a silica gel plug, eluting pure 2.1 as an orange
band using 99:1 v/v DCM:methanol and recrystallized from a concentrated DCM solution with
diethyl ether as an salmon colored solid in 73.4% yield. Complex 2.2 was synthesized in a similar
manner, reacting 5 equiv of LiC2Np with cis-[Cr(HMC)Cl2]Cl for 15 h. After purification over a
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silica gel plug, eluting the desired band with DCM, complex 2.2 is recrystallized from DCM with
diethyl ether and isolated as sparkly bright orange solid in 66.2% yield. Attempts to synthesize
analogous 9-ethynylanthracene species using similar conditions were unsuccessful.

Scheme 2.2 General Synthesis of mono- and bis-Co(III) alkynyl complexes using weak base
methods

Conversely, complexes 2.3-2.6 can be synthesized using a weak base method, as can be
seen in Scheme 2.2.36 As such, refluxing [Co(cyclam)Cl2]Cl (cyclam = 1,4,8,11tetraazacyclotetradecane) with excess Me3SiC2ANT (ANT = anthracene) in methanol in the
presence of triethylamine (Et3N) for 24 h yielded [Co(cyclam)(C2ANT)Cl]Cl (2.3) as a sparkly,
red-orange solid in 72.2% yield after purification over silica. Complex [Co(cyclam)(C2Np)Cl]Cl
(2.4) was prepared in the same manner, reacting [Co(cyclam)Cl2]Cl with excess Me3SiC2Np in the
presence of Et3N over a 24 h reflux in methanol. Purification over a silica gel plug, eluting with
90:10 v/v DCM:methanol, and a recrystallization lead to the isolation of pure 2.4 as coral colored
solid in 67.4% yield.
In order to synthesize a bis-alkynyl species such as trans-[Co(cyclam)(C2Np)2]OTf (2.6),
first the axial chloro-ligand needs to be labilized, which was achieved with a recently developed
procedure by our group.38 The abstraction of chloride was realized by reacting 2.4 with an excess
of AgOTf (~3 equiv) refluxing in acetonitrile for 2 d. The silver salt residues and unwanted
byproducts were removed by running the crude solution over a celite pad. From this concentrated
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acetonitrile solution, the acetonitrile adduct [Co(cyclam)(C2Np)NCMe](OTf)2 (2.5) was
recrystallization with diethyl ethyl acetate, yielding pure 2.5 as a fluffy orange solid in 77.7% yield.
From complex 2.5, the bis-alkynyl species trans-[Co(cyclam)(C2Np)2]OTf (2.6) is readily
synthesized by reacting 2.5 with an excess HC2Np (4 equiv), refluxing in an acetonitrile solution
in the presence of Et3N overnight. The pure product is eluted over a silica gel plug with DCM and
recrystallized with diethyl ether as a sparkly, bright yellow solid in 39.2% yield.

2.2.2 Molecular Structures
Single crystals of X-ray diffraction quality were grown for complexes 2.1, 2.3, 2.4, and 2.6
via slow solvent-solvent diffusion for 2.1+ , 2.3+, and 2.4+ with chloride counterions, and 2.6+ with
triflate. Crystals grown via slow evaporation for [2.5](OTf)2 displayed high levels of disorder and
will not be discussed for structural features. An ORTEP plot of 2.52+ is included in the
supplemental information (Appendix B1). Crystallization attempts for complex 2.2 failed due to
instability of 2.2 in solution. Molecular structures of 2.1, 2.3, 2.4, and 2.6 were determined via
single crystal X-ray diffraction, and ORTEP plots of their respective cations are shown in Figures
2.1, 2.2, 2.3, and 2.4, respectively. In all four complexes the nitrogen atoms occupy the equatorial
plane positions, with the metal center adopting a pseudo-octahedral geometry and the chloro and/or
alkynyl ligands residing in the axial positions. In the case of complex 2.1, the HMC macrocycle
adopts a C-meso configuration, with the stereochemistry around the nitrogen atoms of the ring
presenting the expected trans-III configuration of RRSS (see Appendix B2). Selected bond lengths
and angles are compiled in Table 2.1. Additional crystallographic data are provided at the end of
the experimental section in Table 2.4.
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Table 2.1 Selected bond lengths (Å) and angles (o) for [2.1]+, [2.3]+, [2.4]+ and [2.6]+
[2.1]+,a

[2.3]+,a

[2.4]+

[2.6]+

Cr1-N1
Cr1-N2
Cr1-N3
Cr1-N4
Cr1-C1
Cr1-C3
C1-C2
C3-C4

2.101(3)
2.076(3)
2.090(4)
2.077(3)
2.070(6)
2.085(9)
1.206(7)
1.22(2)

Co1-N1
Co1-N2
Co1-N3
Co1-N4
Co1-C1
Co1-Cl1
C1-C2

1.977(2)
1.972(1)
1.982(1)
1.982(1)
1.875(1)
2.3323(3)
1.216(1)

Co1-N1
Co1-N2
Co1-N3
Co1-N4
Co1-C1
Co1-Cl3
C1-C2

1.982(1)
1.977(1)
1.984(1)
1.974(1)
1.873(1)
2.3217(3)
1.220(1)

Co1-N1
Co1-N2
Co1-N3
Co1-N4
Co1-C1
Co1-C3
C1-C2
C3-C4

1.978(2)
1.980(2)
1.982(2)
1.984(2)
1.930(4)
1.926(2)
1.212(5)
1.207(3)

Cr1-C1-C2
Cr1-C3-C4
C1-Cr-C3
C1-C2-C5
C1-Cr1-N2
C1-Cr1-N4
N1-Cr1-N2
N1-Cr1-N4

165.3(9)
164(1)
176.5(6)
176.1(7)
91.6(3)
88.8(3)
84.9(1)
94.6(1)

C1-Co1-Cl1
Co1-C1-C2
N1-Co1-C1
N2-Co1-C1
N2-Co1-N1
C1-C2-C21

179.55(4)
178.8(1)
89.91(5)
91.26(5)
85.95(5)
179.1(1)

C1-Co1-Cl1
Co1-C1-C2
N1-Co1-C1
N2-Co1-C1
N2-Co1-N1
C1-C2-C13

177.32(4)
171.0(1)
89.34(4)
86.57(4)
86.57(4)
175.6(1)

C1-Co1-C3
Co1-C1-C2
C1-C2-C5
Co1-C3-C4
C3-C4-C15
C1-Co1-N1
C1-Co1-N2
N2-Co1-N1

179.0(3)
172.7(5)
177.1(4)
170.3(2)
177.0(2)
88.1(3)
92.6(2)
86.38(9)

a The

unit cell revealed two crystallographically independent molecules; geometric parameters for
only one of them are listed here.

Similarities in the first coordination sphere can be found between 2.1 and trans[Cr(HMC)(C2Ph)2]Cl. The averaged Cr1-C bond (2.077[5] Å) in complex 2.1 is slightly shorter
than but within the experimental errors of that observed for the related trans-[Cr(HMC)(C2Ph)2]Cl
complex (2.085[2] Å).39 Both C≡C bonds in 2.1 also display a slight difference in length - 1.206(7)
Å and 1.22(2) Å for C1-C2 and C3-C4, respectively, and they are within experimental error of
triple bond lengths observed for trans-[Cr(HMC)(C2Ph)2]Cl (1.211[2] Å)39 and trans[Cr(DMC)(C2Ph)2]Cl (1.213(3) Å).40 The C1-Cr1-C3 angle (176.5(6)°) shows only a slight
deviation from linearity, though the appraisal of the Cr1-C1-C2 (165.3(9)°), Cr1-C3-C4 (164(1)°),
and N-Cr-C (<95°) angles shows evidence that the –C2NP ligand tilts its bulk away from the ring,
causing a minor distortion that can be observed in Figure 2.1. Nonetheless, the two -C2Np units
exist in a nearly coplanar arrangement (dihedral angle <4°), similar to what can be observed for
[trans-Pt(C≡CNp)2(CN)2]2- with a dihedral angle of 0°.43

34

Figure 2.1 ORTEP plot of 2.1+ at 30% probability level. Hydrogen atoms, and Cl- counterion
were omitted for clarity.

Structures of CoIII complexes 2.3, 2.4, and 2.6, which bear the unsubstituted cyclam
macrocycle backbone, show the ring adopting the same trans-III configuration around the nitrogen
centers (see Appendix B3-B5), as noted for complex 2.1 as well. The arylacetylide ligands in
complexes 2.3 and 2.4 exert a pronounced trans-influence on the opposite chloro ligand,
manifesting in the significant elongation of the respective Co1-Cl1 bonds, at 2.3323(3) Å and
2.3217(3) Å, compared to the observed Co-Cl bond length for the [Co(cyclam)Cl2]Cl starting
material (2.2533(4) Å).52 The Co1-C1 bond lengths for 2.3 and 2.4 are 1.875(1) Å and 1.873(1) Å,
respectively, and significantly less than the Co-C1 bond length in [Co(cyclam)(C2Ph)Cl]Cl
(1.898(2) Å).22 This contraction of the Co-Cl bond is attributed to a decrease in the π-donating
nature of the aryl acetylide due to the extended conjugation of the aromatic ligand. The tilt of the
Np ring noted early in 2.1+ is also observed in 2.4+.
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Figure 2.2 ORTEP plot of 2.3+ at 30% probability level. Hydrogen atoms, Cl- counterion, and
solvent molecules were omitted for clarity.

Figure 2.3 ORTEP plot of 2.4+ at 30% probability level. Hydrogen atoms, Cl- counterion, and
solvent molecules were omitted for clarity.

Unlike previous examples of symmetric bis-acetylide CoIII complexes,22,36,38 complex 2.6
does not possess a crystallographic center of symmetry. Complex 2.6 exhibits a significant
elongation of the Co1-C1 and Co1-C3 bonds to 1.930(4) Å and 1.926(2) Å, respectively, relative
to the Co1-C1 bond of 2.4 (1.873(1) Å). This elongation of the Co1-C bonds is attributed to an
increased trans-influence between two –C2NP ligands. A slight contraction in the C≡C units of 2.6
(1.209[4] Å) versus 2.4 (1.220(1) Å) can be observed as well, a feature commonly associated with
an increase in the trans-influence. As can be seen in Figure 2.4, the two naphthyl units are nearly
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perpedicular with a dihedral angle of 102.5°, as opposed to the coplanar arrangement observed for
the phenyl substituents in [Co(cyclam)(C2Ph)2]BPh4.22 Compared to the Co-C bond in
[Co(cyclam)(C2Ph)2]BPh4 (2.001[3] Å),22 the Co1-C bonds in 2.6 are significantly shorter
(1.928[3] Å), which is attributed to the increased aromaticity of the ligand. Although polycyclic
aromatic hydrocarbon systems are prone to forming extended 1-D and 2-D networks,43-45,47,49 in
the case of 2.1 and 2.3-2.6 the lack of π-stacking and other close interactions observed in the crystal
lattices when the extended packing was examined precludes such statements.

Figure 2.4 ORTEP plot of 2.6+ at 30% probability level. Hydrogen atoms, disorder and (OTf)counterion were omitted for clarity.

2.2.3 UV-vis Spectroscopic Analysis of 2.1-2.6
Spectroscopic analysis of 2.1 and 2.2 revealed structured absorption bands between 430575 nm, assigned to the 4A2g  4T1g/4T2g (Oh) transition, which are expected for the Cr(III) center
in this environment (Figure 2.5 and 2.6, insets). This fine structuring is induced by the metal-based
d-d band taking on partial ligand-to-metal charge transfer (LMCT) character from the alkynyl
ligand to the Cr(III) center. The increased molar absorptivity of the d-d band compared to the
cis/trans-[Cr(HMC)Cl2]Cl starting material53 is more evidence of this interaction. This type of
band intensification and mixing behavior is well documented, and supports the assertion that the
acetylide ligand acts as a π-donating ligand.39,40,54
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Figure 2.5 Absorption spectrum of trans-[Cr(HMC)(C2Np)2]Cl (2.1) in MeCN, with inset of the
structured d-d band region.

These vibronic progressions are attributed to the coupling of electronic states of the metal
center to vibrational modes of the ligands. Unfortunately, analysis of the fine-structuring reveals
irregularly spaced vibronic progressions (~1150-1700 cm-1), a frequency range typically
associated with aromatic ν(C=C) stretching modes or phenyl ring deformations.47
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Figure 2.6 Absorption spectrum of trans-[Cr(HMC)(C2Np)2]Cl (2.2) in DCM, with inset of the
structured d-d band region.

The molar extinction coefficients of the structured d-d band for the cis-isomer (2.2) are
higher than its trans-partner (2.1), reflecting the loss of the inversion symmetry at the Cr center in
complex 2.2. Compared to cis/trans-[Cr(HMC)(C2Ph)2]Cl, the metal based absorption is
bathochromically shifted, which was previously observed for related chromium complexes in the
cases of increased aromaticity.27 A strong ligand based absorption can be observed below 400 nm
and is attributed to a ππ* energy transition.
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Figure 2.7 Absorption spectrum of [Co(cyclam)(C2ANT)Cl]Cl (2.3) in MeCN, with inset
showing the metal based d-d transition.

The absorption spectra for the Co(III) complexes 2.3-2.6 feature a metal-based 1A1g  1T1g
(Oh) transition that can be observed between 450-600 nm (Figures 2.7-2.10, and insets) and is the
origin of the strong color features of these complexes. Complex 2.3 displays two additional
absorption bands: a very intense structured band below 300 nm, and a slightly less intense,
vibronically structured band between 320-420 nm (Figure 2.7). Both bands are similar to the
absorption spectrum of 9-ethynylanthracene and have been observed in other complexes
containing anthracenyl substituents, such as anthrylAu(I) diacetylide.45 Interestingly, the energy
of the absorption band observed in 2.3 more closely resembles that of (Ph3PAuI)2-2,6anthracenyldiacetylide, rather than that of the Au(I) complex containing the 9,10- substituted
anthracene bridge. The UV-vis spectra of 2.3 and 2.4 shows d-d absorption maxima at similar
wavelengths, 490 nm versus 493nm, respectively. This narrow shift may be attributed to the
slightly less π-electron donating nature of 9-ethynylanthracene ligand in complex 2.3, relative to
1-ethynylnapthalene. In contrast to the CrIII complexes, no fine structuring is observed for these dd transitions in 2.3 and 2.4.
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Figure 2.8 Absorption spectrum of [Co(cyclam)(C2Np)Cl]Cl (2.4) in MeCN, with inset showing
the metal based d-d transition.

As in the case of complex 2.3, complex 2.4 also exhibits a strong ligand based ππ*
transition, here between 270-350 nm (Figure 2.8). When comparing the d-d absorption maxima of
2.4-2.6, successive blue shifts are observed. The replacement of the charged chloro ligand with a
labile, neutral acetonitrile leads to a significant hypsochromic shift in the d-d absorption, from 493
nm (2.4) to 468 nm (2.5), and the appearance of a shoulder can be observed at 362 nm for complex
2.5 (Figure 2.9).
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Figure 2.9 Absorption spectrum of [Co(cyclam)(C2Np)NCMe]OTf2 (2.5) in MeCN, with inset
showing the metal based d-d transition.
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The addition of a second acetylide further blue shifts the absorption maximum to 452 nm.
The ligand centered transitions below 350 nm remains largely unchanged from 2.4 (305 nm) to 2.5
(308 nm). A comparison to copper(I) alkynyl complex [{AuP(Tol-p)3(C≡C)}2Np-1,5]46 shows
remarkably similar absorption behavior in DMC, including vibronic progressions of ca. 1233-1445
cm-1, which are in good agreement with those determined for 2.4 and 2.5, between 1235-1450 cm1

. A subtle difference in relative peak abundance can be observed in Figure 2.10, along with a

bathochromic shift of this ligand-based absorption in the case of 2.6 (327 nm). Additionally, a
more than two-fold increase in molar absorptivity is observed for the ligand based transition in
complex 2.6. In all three complexes (2.4-2.6), coordination of the acetylide ligand unit to the metal
center lead to the ligand-based band displaying a bathochromic shift from that observed in the free
ligand, Me3SiC2Np (Appendix B6). This behavior is also observed when comparing 2.3 to the free
ligand Me3SiC2ANT.
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Figure 2.10 Absorption spectrum of [Co(cyclam)(C2Np)2]OTf (2.6) in MeCN, with inset
showing the metal based d-d transition.
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2.2.4 Emission Studies of 2.1-2.6
As shown in Figure 2.11, complexes 2.1 and 2.2 display a strong Cr(III) centered emission
around 740 nm and 760 nm, respectively, which is originated from the 2T1g excited state of the
metal center. Cr(III) has two metal-based, low lying doublet states from which it may emit, 2Eg
and 2T1g. The assignment of the emission as a 2T1g  4A2g (Oh) transition is consistent with
previous studies of related complexes,39,40,54 based in part on the significant red shift in the
emission compared to where 2Eg emitters are observed.55 This is representative of the disparity in
π-donating/withdrawing behavior between the macrocyclic-tetraaza equatorial plane (σ-donating)
and the apical alkynyl ligands, which are considered π-donating toward the electron deficient
Cr(III) metal center.56 Compiled in Table 2.2 are relevant emission parameters and results. The
phosphorescences of both 2.1 and 2.2 show fine structuring at 77 K but not room temperature. For
2.1, the emission profile at 77 K shows less defined fine structuring than observed for the similar
complex trans-[Cr(HMC)(C2Ph)2]Cl,39 indicative of a weaker vibronic coupling between the
ligand and metal center, conceivably due to the acetylide electron density being more strongly
incorporated into the more highly conjugated aromatic system of the naphthyl substituent, leading
to a decrease in π-donating behavior from ligand to metal. Also observed in Figure 2.11a) for
complex 2.1 is a secondary emission centered at 727 nm at 77K. This dual emission behavior was
previously observed for trans-[Cr(DMC)(C2Ph)2]Cl,40 and it is much more pronounced in the case
of 2.1.
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Figure 2.11 Normalized emission spectrum for a) trans-[Cr(HMC)(C2Np)2]Cl (2.1), and b) cis[Cr(HMC)(C2Np)2]Cl (2.2), both in 4:1 EtOH:MeOH glassing solution at 77K (green) and at
room temperature in degassed acetonitrile (red).
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Figure 2.12 Emission spectrum for trans-[Cr(HMC)(C2Np)2]Cl (2.1) in 4:1 EtOH:MeOH
glassing solution at 77K and varying delay times.

Delayed emission measurements for both Cr(III) complexes 2.1 (Figure 2.12) and 2.2
(Figure 2.14) at 77 K revealed lifetimes of 447 μs and 97 μs, respectively, and 218 μs for 2.1 at
room temperature in degassed acetonitrile (Figure 2.13). The blue-shifted secondary emission in
2.1 was found to have a lifetime of 362 μs at low temperature (77 K), and is not observed at room
temperature.
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Figure 2.13 Emission spectrum for trans-[Cr(HMC)(C2Np)2]Cl (2.1) in degassed MeCN at RT
and varying delay times.

Table 2.2 Photophysical Data for Complexes 2.1-2.2
Room Temperature a
ex (nm)

a

em (nm) τ (µs)

2.1 445

747

218

2.2 430

777

-

Frozen Glass b
ex (nm)

em (nm)

τ (µs)

445

747

447

445

727

362

430

777

97

In degassed acetonitrile at room temperature; b 4:1 ethanol/methanol glassing solution at 77 K

The lifetime for the cis-isomer 2.2 is significantly shorter than its trans counterpart, which
may be attributed to the additional geometric strain facilitating relaxation via non-radiative decay
pathways.57 Indeed, at room temperature the lifetime of 2.2 was so short, it could not be determined
using the set analytical parameters of the instrument.
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Figure 2.14 Emission spectrum for cis-[Cr(HMC)(C2Np)2]Cl (2.2) in 4:1 EtOH:MeOH glassing
solution at 77K and varying delay times.

Figure 2.15 Emission spectrum for cis-[Cr(HMC)(C2Np)2]Cl (2.2) in degassed MeCN at RT and
varying delay times.

Despite the use of a fluorophore ligand, the emission properties of both 2.1 and 2.2 were
dominated by the excited states at the CrIII center. Such quenching effects of a metal center on the
fluorophore substituent has also recently been observed in the case of Ru2(DMBA)4(C2R)2 (R =
Np, ANT) complexes.58 Because the robust emission behavior of Cr(III) quenched or perhaps
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overshadowed any potential ligand contribution, the results raised the question as to how the ligand
emission might be affected by its coordination to a non-emissive, or dark, metal center such as
Co(III).
Emission studies for 2.3-2.6 were carried out at room temperature in very dilute solutions
to prevent self-absorbance of the signal as the photoluminescence for these complexes is ligand
based, showing very narrow Stokes’ shifts (Appendix B7), and findings are compiled in Table 2.3.
The naphthyl series, 2.4-2.6, were found to have a strong, ligand centered (1IL based) emission
around 340 nm. The assignment of the emission to a S1  S0 transition is consistent with
assignments for polycyclic aromatic hydrocarbon systems, as is the very narrow Stokes’ shift
observed. As the emission is of fluorescent nature, very short lifetimes are associated with this
process. An overlay with the free Me3SiC2Np ligand (Figure 2.16) shows very small blue shifts in
the emission profile after coordinating to the metal. This shift is most pronounced for 2.5, the most
electron poor Co(III) center of the series, thereby inducing a more electron donating effect from
the ligand. The similarity of the emission spectra found for complexes 2.4−2.6 indicate no
significant contribution from the metal, consistent with the lack of vibronic coupling between
ligand and metal observed in the d-d absorption bands. For solubility reasons, the emission
spectrum of 2.5 was recorded in acetonitrile, while those of 2.4 and 2.6 in DCM. Emissions of 2.4
and 2.6 in acetonitrile were also studied, revealing no shift in the emission.

Table 2.3 Photophysical Data for Complexes 2.3-2.6, Me3SiC2Np and Me3SiC2ANT
Room Temperature
ex (nm)

em (nm)

ϕ

2.3a

263

408

0.022

Me3SiC2ANT a

263

414

0.633

a

298

342.0

-

2.5 b

273

340.5

-

2.6 a

234

341.5

-

Me3SiC2Np a

290

343.5

-

2.4

a

b

In DCM at room temperature; in acetonitrile at room temperature
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Figure 2.16 Emission spectrum for [Co(cyclam)(C2Np)Cl]Cl (2.4) in DCM,
[Co(cyclam)(C2Np)NCMe](OTf)2 (2.5) in MeCN, Co(cyclam)(C2Np)2](OTf) (2.6) in DCM, and
free ligand Me3SiC2Np in DCM at RT

In the case of 2.3, however, a distinct blue shift to higher energy is observed compared to
the free ligand (Me3SiC2ANT), indicating that coordination to the Co(III) center has some effect
on the electronic ground state of the ligand (Figure 2.17). Due to the overall adherence to the
mirror-image rule, the energy progressions of the distinct fine structure observed in the emission
profile of 2.3-2.6 was further investigated and compared to the energy progressions of the
absorption spectra. The high symmetry of the fluorophore unit dictates that the vibrational energy
levels of the ground state (S0) and the S1 excited state should show the same energy spacing.59
Therefore, any deviation from this behavior could be attributed to an influence of the metal.
Comparing the spacings of the fine structured absorbance and emission spectra for anthracene,60
Me3SiC2ANT, and 2.3 (Appendix B8) did not reveal an exact match between ground state and
excited state energy levels, with a general trend showing that the excited state spacings for all three
complexes are narrower than those in the ground state. The overall range for these vibronic
progressions (1266-1393 cm-1) is typical for aromatic ν(C=C) stretching modes and the
deformation of the phenyl rings.46,47
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Figure 2.17 Emission spectrum for [Co(cyclam)(C2ANT)Cl]Cl (2.3, blue), and the free ligand
Me3SiC2ANT (red), both in DCM at RT

While coordination of polycyclic aromatic fluorophore ligands to a heavy atom, such as a
metal, is often reported to induce an emission from a triplet excited state,41-43,46 this not the case
for 2.3-2.6 as there is no indication of this phenomenon in their emission profiles.
Quantum yield comparisons of Me3SiC2ANT vs 2.3 show a more significant quenching
influence on the anthryl fluorophore from the Co(cyclam) moiety compared to trimethylsilyl
protecting group, revealing a quantum yield of 2.2% at room temperature in DCM for 2.3 and
63.3% for Me3SiC2ANT under the same conditions. This type of quenching behavior is often
observed upon metalation of the fluorophore moiety, and the quantum yield value for 2.3 is
comparable to what has been reported for several other transition metal complexes bearing
anthracenyl substituents.43,45,46

2.2.5 Electrochemistry of 2.3-2.6
Preliminary electrochemical studies were carried out for Co(III) complexes 2.3-2.6
(Appendix B9), as previous studies have observed as many as three one-electron redox processes
for these types of complexes.33, 37, 38

50
Due to the stable nature of the t2g3 ion, the d3 chromium center is electrochemically silent
within the potential window permitted by solvent, thereby preventing the analysis of 2.1 and 2.2
using electrochemical techniques.

2.3

Conclusion
A variety of new bis- and mono- macrocyclic transition metal alkynyl species bearing

fluorophore ligand substituents were synthesized and characterized for their structural and
spectroscopic properties. The connectivity between the metal and alkynyl fluorophore was
investigated, finding that in the case of the two Cr(III) bis-alkynyl complexes 2.1 and 2.2 there
were indications of vibronic coupling evidenced by the fine structuring of the d-d absorption band,
however the emission profiles showed no significant excited state contributions by the ligand. All
four Co(III) complexes, 2.3-2.6, lacked evidence of vibronic coupling between the metal center
and alkynyl ligand, displaying strong ligand-based emissions, that in the case of the naphthyl series
show very little variation in energy. A distinct blue shift can be observed in the comparison
between complex 2.3 and its free ligand Me3SiC2ANT, indicating a change in the electronic states
of the ligand, presumably from coordination to the metal. This suggests that the increased
aromaticity of anthryl vs naphthyl may also increase the sensitivity of the fluorophore to its
environment. Preliminary quantum yield analysis revealed a modest emitting nature for complex
2.3 with a quantum yield of 2.2%, which is significantly quenched compared to the Me3SiC2ANT
free ligand (63.3%), demonstrating a heavy atom quenching effect by the Co(cyclam) unit.

2.4

Experimental

2.4.1 Materials
Trimethylsilylacetylene was purchased from Oakwood Chemicals, 1-bromonaphthalene
and copper(I) iodide from Alfa Aesar, 9-bromoanthracene and triphenylphosphine from ACROS
Organics. Sure-seal piperidine and silver(I) trifluoromethanesulfonate were purchased from
Aldrich, and acetonitrile from Fisher. The cis/trans-[Cr(HMC)Cl2]Cl starting material was
prepared following a modified method by Hay et al53 and [Co(cyclam)Cl2]Cl61 were prepared using
literature procedures. Both 1-(1-naphthyl)-2-(trimethylsilyl)acetylene (Me3SiC2Np)62 and (9-
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anthrylethynyl)(trimethyl)silane (Me3SiC2ANT)63 were synthesized using a Sonogashira coupling
reaction. All alkynylation reactions were performed under a dry N2 atmosphere using standard
Schlenk procedures. The tetrahydrofuran (THF) solvent used for these reactions was freshly
distilled over Na/benzophenone. Triethyl amine was distilled over KOH and stored under nitrogen
atmosphere.

2.4.2 Physical Measurements
UV-vis spectra were obtained with a JASCO V-670 spectrophotometer. FT-IR spectra
were measured as neat samples using a JASCO FT/IR-6300 spectrometer equipped with an ATR
accessory. ESI-MS were analyzed on an Advion Mass Spectrometer, expressionL. Emission
studies were performed on a Varian Cary Eclipse fluorescence spectrophotometer. Elemental
Analysis was carried out by Atlantic Micro Labs in Norcross, GA.

Quantum yields of

Me3SiC2ANT and 2.3 at room temperature in DCM were prepared so that absorbance at λex = 0.1,
and measured on an Edinburgh Instruments Fluorometer (FLS980) equipped with the F-M01
Integrating Sphere accessory. Electrochemical analysis was done on a CHI620A voltammetric
analyzer with a glassy carbon working electrode (diameter = 2 mm), a Pt-wire auxiliary electrode,
and a Ag/AgCl reference electrode. The analyte concentration is 1.0 mM in 4 mL dry acetonitrile
at a 0.1 M Bu4NPF6 electrolyte concentration.

2.4.3 Synthesis of trans-[Cr(HMC)(C2Np)2]Cl (2.1)
A suspension of trans-[Cr(HMC)Cl2]Cl (0.100 g, 0.226 mmol) in 5 mL THF was
combined with a solution of LiC2Np (prepared from 0.714 mmol Me3SiC2Np and 1.20 mmol nBuLi) in 20 mL THF and the reaction mixture was stirred for 2 h at room temperature. Upon
quenching of the reaction in air, the crude mixture was purified over a silica gel plug and the
product was eluted with 3:1 DCM:MeOH. The crude product was further recrystallized from
diethyl ether-DCM to give 2.1 as a salmon colored solid. Yield: 0.112 g (0.166 mmol – 73.4%
based on Cr). ESI-MS [M+] 638 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 221 (68123), 232(sh) (59861),
238 (65986), 312(sh) (25315), 328 (31575), 343(sh) (10592), 361 (8164), 443 (164), 468 (165),
498 (133), 526 (70) 540 (72). FT-IR, ν(C≡C)/cm-1: 2095(w), 2076(w). Elem. Anal. Found (Calcd)

52
for C40H54N4O2CrCl (trans-[Cr(HMC)(C2Np)2]Cl∙2H2O): C 66.87 (67.63), H 7.59 (7.66), N 8.14
(7.89).

2.4.4 Synthesis of cis-[Cr(HMC)(C2Np)2]Cl (2.2)
Combining cis-[Cr(HMC)Cl2]Cl (0.200 g, 0.444 mmol) with a solution of LiC2Np
(prepared from 1.2 mmol Me3SiC2Np and 2.1 mmol n-BuLi) in 15 mL THF yielded cis[Cr(DMC)(C2Np)2]Cl after stirring for 15 h, quenching with methanol. The reaction solution was
concentrated via rotary evaporation and purified over silica gel, eluting 2.2 with DCM, and
recrystallized from diethyl ether-DCM as crystalline, bright orange colored solid. Yield: 0.235 g
(0.294 mmol; 66.2% based on Cr). ESI-MS [M+] 638 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 298(sh)
(23580), 312 (33721), 330 (29817), 360 (7826), 436 (489), 470(sh) (362), 507 (318), 534(sh) (186),
548 (184). FT-IR, ν(C≡C)/cm-1: 2060(vw). Elem. Anal. Found (Calcd) for C40H52N4OCrCl (cis[Cr(HMC)(C2Np)2]Cl∙H2O): C 68.83 (69.39), H 7.55 (7.57), N 7.77 (8.09).

2.4.5 Synthesis of [Co(cyclam)(C2ANT)Cl]Cl (2.3)
A solution of [Co(cyclam)Cl2]Cl (0.275 g, 0.752 mmol) in methanol (50 mL) was prepared,
and a solution of Me3SiC2ANT (0.352 g, 1.28 mmol) in minimal THF (5 mL) was added to it.
Upon vigorous mixing, 2 mL of Et3N were added and the solution was heated to reflux and kept
at that temperature for 24 h. The reaction solution was cooled to room temperature, concentrated
via rotary evaporation, and purified over a silica gel plug. A yellow front wash was removed with
EtOAc before eluting the product with DCM-10%MeOH as bright ruby orange solution. The
product, 2.3, was recrystallized from DCM-EtOAc and isolated as bright orange solid. Yield: 0.289
g (0.543 mmol, 72.2% based on Co). ESI-MS [M+] 494 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 207
(32666), 222 (36777), 255(sh) (60541), 263 (72588), 355(sh) (3333), 372 (7438), 392 (14225),
415 (15616), 499 (208). FT-IR, ν(C≡C)/cm-1: 2112 (m), 2094 (m). 1H NMR (300 MHz,
Chloroform-d) δ 8.76 (d, J = 8.5 Hz, 2H), 8.35 (s, 1H), 8.03 (d, J = 8.3 Hz, 2H), 7.59 – 7.48 (m,
4H), 5.35 (s, 4H), 3.10-2.65 (m, 16H), 2.04 (d, 2H), 1.79 (m, 2H). Elem. Anal. Found (Calcd) for
C26H37N4O2CoCl2 ([Co(cyclam)(C2ANT)Cl]Cl∙2H2O): C 54.25 (55.03), H 6.51 (6.57), N 9.46
(9.87).
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2.4.6 Synthesis of [Co(cyclam)(C2Np)Cl]Cl (2.4)
A solution of [Co(cyclam)Cl2]Cl (0.200 g, 0.547 mmol) in methanol (50 mL) was prepared,
and a solution of Me3SiC2Np (330 g, 1.47 mmol) in minimal amount of THF (5 mL) was added to
it. Upon vigorous mixing, 2 mL of Et3N were added and the solution was heated to reflux for 24
h. The reaction solution was cooled to room temperature, concentrated via rotary evaporation, and
purified over a silica gel plug. A yellow front wash was removed with EtOAc before eluting the
product with DCM-10%MeOH as peach colored solution. The product, 2.4, was recrystallized
from DCM-EtOAc and isolated as a coral colored solid. Yield: 0.178 g (0.369 mmol, 67.4% based
on Co). ESI-MS [M+] 444 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 228 (62210), 237(sh) (46670) 296(sh)
(12607), 308 (17679), 313(sh) (15865), 322 (14650), 325 (14762), 490 (161). FT-IR, ν(C≡C)/cm1

: 2117 (s). 1H NMR (300 MHz, Chloroform-d) δ 8.55 (d, J = 8.1 Hz, 1H), 7.85 (d, J = 7.4 Hz,

2H), 7.75 – 7.69 (m, 2H), 7.53 (ddd, J = 9.7, 7.8, 1.6 Hz, 2H), 7.45 – 7.38 (m, 1H), 5.22 (s, 4H),
2.95 – 2.71 (m, 16H), 2.00 (m, 2H), 1.69 (d, 2H). Elem. Anal. Found (Calcd) for C22H33N4OCoCl2
([Co(cyclam)(C2Np)Cl]Cl∙H2O): C 52.00 (52.91), H 6.87 (6.66), N 10.73 (11.22).

2.4.7 Synthesis of [Co(cyclam)(C2Np)(NCMe)](OTf)2 (2.5)
Complex 2.4 (0.121 g, 0.251 mmol) was dissolved in acetonitrile (40 mL) and an excess
of AgOTf (0.197 g, 0.767 mmol) was added to the solution which was heated to reflux and kept at
that temperature for 3 days. The cooled solution was run over a celite plug to remove unwanted
solid byproducts and then concentrated via rotary evaporation. From the crude solution the product
2.5 was recrystallized by addition of 1:1 v/v EtOAc:diethyl ether, and isolated as a fluffy orange
solid. Yield: 0.146 g (0.195 mmol, 77.7% based on Co). ESI-MS [M-OTf+] 558 m/z. UV-vis,
λmax/nm (ε/M-1cm-1): 214(sh) (40858), 228 (64950), 243(sh) (27150), 294 (12865), 306 (17438),
319 (14109), 323(sh) (12351), 468 (218). FT-IR, ν(C≡C)/cm-1: 2125 (m). 1H NMR (300 MHz,
Chloroform-d) δ 8.50 (d, J = 8.3 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.76 (t, J = 8.1 Hz, 2H), 7.56
(m, 2H), 7.48 – 7.38 (m, 1H), 5.57 (s, 4H), 2.98 (m, 10H), 2.77 (s, 3H), 2.62 (m, 6H), 2.12 (m,
2H),

1.24

(m,

2H).

Elem.

Anal.

Found

(Calcd)

for

C26H36N5OCoF6O6S2

([Co(cyclam)(C2Np)NCMe]OTf2∙H2O): C 40.88 (40.68), H 4.59 (4.73), N 9.01 (9.12).
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2.4.8 Synthesis of [Co(cyclam)(C2Np)2]OTf (2.6)
Complex 2.5 (197 mg, 0.263 mmol) was dissolved in acetonitrile (100 mL) and to it was
added excess HC2Np (0.320 g, 2.10 mmol). Upon vigorous mixing, 2 mL of Et3N were added and
the solution was heated to reflux for 24 h. The reaction solution was cooled to room temperature,
concentrated via rotary evaporation, and purified over a silica gel plug. Excess ligand was removed
in the front wash with DCM before eluting the product with DCM-2%MeOH as yellow colored
solution. Product 2.6 was recrystallized from a concentrated DCM solution by adding EtOAc and
isolated as a bright yellow solid. Yield: 73.1 mg (0.103 mmol, 39.2% based on Co). ESI-MS [M+]
560 m/z. UV-vis, λmax/nm (ε/M-1cm-1): 298(sh) (21994), 310 (34080), 314 (33364), 327 (35627),
453 (210), 553(sh) (52). FT-IR, ν(C≡C)/cm-1: 2098 (m), 2089 (m). 1H NMR (300 MHz,
Chloroform-d) δ 8.71 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 7.7 Hz, 2H), 7.80 – 7.70 (m, 4H), 7.60 –
7.50 (m, 4H), 7.43 (dd, J = 8.3, 7.1 Hz, 2H), 4.86 (s, 4H), 3.10 – 2.54 (m, 16H), 1.98 (d, 2H), 1.57
(d, 2H). Elem. Anal. Found (Calcd) for C35H38N4CoF3O3S ([Co(cyclam)(C2Np)2]OTf): C 59.07
(59.15), H 5.44 (5.39), N 7.70 (7.88).

2.4.9 X-ray Crystallographic Analysis
Single crystals of complexes 2.1 were grown via slow diffusion of diethyl ether/hexanes
into a solution of 2.1 in acetone/methanol. Single crystals of complexes 2.3 and 2.4 were grown
via slow diffusion of diethyl ether into their respective solutions in methanol, and single crystals
of 2.6 were obtained via slow diffusion of hexanes into a solution of 2.6 in DCM/MeOH. X-ray
diffraction data of 2.1 was collected on a Bruker Quest diffractometer with Cu K radiation (λ =
1.54178 Å) at 100 K. Data for 2.3 and 2.4 (100 K) and 2.6 (150 K) were collected on a Bruker
Quest diffractometer with Mo K radiation (λ = 0.71073 Å). Data were collected and processed
using APEX3,64 and the structures were solved using the SHELXTL suite of programs65 and
refined using Shelxl2016.66,67
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Table 2.4 Crystal data for complexes 2.1, 2.3, 2.4 and 2.6.
2.1

2.3∙2CH3OH

2.4∙O(C2H5)2

2.6

C40H50CrN4Cl

C28H41O2CoN4Cl2

C27H41O4SF3CoN4Cl

C35H38O3SF3CoN4Cl

fw, g mol-1

674.29

595.48

669.15

710.68

space group

Orthorhombic, Pbca

Monoclinic, P21/c

Monoclinic, P21/n

Monoclinic, P21/c

a, Å

16.3077 (4)

24.9786 (11)

13.4394 (7)

11.9436 (7)

b, Å

23.8542 (5)

10.5626 (5)

11.5717 (6)

11.9630 (7)

c, Å

41.9852 (8)

24.7707 (12)

19.9902 (11)

23.2674 (14)

-

117.6981 (15)

97.2125 (19)

97.277 (2)

16332.5 (6)

5786.6 (5)

3084.2 (3)

3297.7 (3)

16

8

4

4

ρcalcd, g cm

1.097

1.367

1.441

1.431

T, K

100

100

100

150

λ, Å

1.54178

0.71073

0.71073

0.71073

R

0.1039

0.0420

0.0412

0.0504

Rw (F2)

0.2542

0.0935

0.0896

0.1172

Sum
formula

β, °
3

V, Å
Z

-3
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METAL OXIDE MATERIALS FOR APPLICATION IN
CATALYSIS

3.1

Introduction
This chapter introduces different forms of oxide-based transition metal catalysts and studies

their activity for various oxidation reaction processes. On the homogeneous front, the activity of
the polyoxometalate species [Mo2O11]2- is investigated for its activity toward the oxygenation of
the sulfur containing contaminant species methyl phenyl sulfide (MPS).
Two separate heterogeneous metal oxide materials, RuO2 and α-Fe2O3, are prepared as
nanoparticulates for catalytic purposes, and studied for their ability to oxidize water and the
contaminant species aniline, respectively. For these homogenous catalysts specifically, the effect
of employing a mesoporous support to prevent aggregation of the metal oxide nanoparticulates is
investigated.

3.1.1 Catalytic Sulfide Oxidation Using Polyoxometalates
Polyoxometalates (POMs) are popular homogenous catalysts for a variety of oxidation
reactions such as sulfide oxidations, especially using green oxidant sources such as H2O2. Organic
sulfides are common contaminants in fossil fuels and damaging to the environment.1, 2 Other areas
where the oxidation of sulfides is relevant is the decontamination of nerve agents which often
contain sulfur centers. While one of the most common polyoxometalate forms discussed for
catalysis is the Keggin ion which exists in the form [XM12O40]z-, where X represents P or Si and
M is often Mo or W, there have been reports of dinuclear metal complexes of W or Mo being used
for oxidation reactions utilizing peroxides.3,

4

The activity of one such dinuclear POM,

[(MoO(O2)2)2(μ-O)]2-, for sulfide oxygenation reactions with peroxide sources was investigated.

3.1.2 Mesopore Supported Metal Oxide Nanoparticulates For Oxidation Catalysis
The search for efficient methods of utilizing readily available renewable energy sources has
been at the forefront of science for an extended period of time. One such alternative energy
approach utilizes the water splitting process, which - as a closed cycle, green energy process could provide a solution to alternative fuels. The idea of using solar irradiation to drive this process
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is especially attractive,5, 6 facilitating a clean and therefore environmentally friendly reaction as
the ultimate goal.
Optimizing the splitting of water into its two components, H2 and O2, requires the study of
its two, separate half-reactions. Though alluring, this process remains challenging to achieve, in
part due to the oxidation half reaction of water (Equation 3.1).

O2 + 4H+ + 4e- ↔ 2H2O

E° = 1.229 V

(Equation 3.1)

This 4-electron process is difficult to realize at a single site, without significant energy loss
due to back electron transfer reactions. Heterogeneous catalysts have been proven superior to
homogeneous catalysts at realizing this multielectron process in addition to being robust and easily
recyclable. A few transition metal oxides, RuO2,7 IrO2,7-9 MnO2,10 and PtO2,11 have been reported
as active heterogenous catalysts for this oxidation process. RuO2 especially is known for its activity
for water splitting as operates under low overpotential.12 Though exhibiting high activity, hydrated
RuO2 is prone to oxidation to RuO4, especially when employing a commonly used, strong
sacrificial oxidant such as Ce(IV) to drive the water oxidation reaction (Equation 3.2).13, 14

4Ce4+ + RuO2∙xH2O + 2H2O → 4Ce3+ + RuO4 + xH2O + 4H+

(Equation 3.2)

This corrosion can be prevented by calcining RuO2 at high temperatures to remove any
coordinating water moieties.15, 16 Unfortunately, the heating process that ensure dehydration causes
sintering of the catalyst particulates, leading to a decrease in the catalyst’s surface area, reducing
its activity toward the water oxidation process. To overcome this limitation, a support material is
employed to prevent aggregation of the catalyst.
A vital component of this work is nature of the support material. Immobilizing the catalyst
on a zeolite material was determined to lead to a higher activity for water oxidation.17 However,
due to the narrow pores of the zeolite materials, the catalyst cannot be loaded into the pores, but
rather is immobilized on the surface.
Here, the siliceous mesoporous materials MCM-4118 and SBA-1519were investigated as
catalyst support. These mesoporous materials were discovered by chance during an attempt to
synthesize new zeolite materials. The difference between zeolites and mesoporous materials are
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chiefly their pore sizes. Zeolites are considered microporous and are most stable up to a pore size
of 1 nm. Mesoporous materials have a wide variety of pore sizes (2-50nm) and can exist in several
crystal phases. There generally exhibit structural coherence, high surface area and tunable pores
sizes that are ideal for immobilization of catalytic species.14 Both MCM-41 and SBA-15 exhibit a
hexagonal crystal phase. Loading the RuO2 catalyst, as nanoparticulates, into a mesoporous
support, such as SBA-15 or MCM-41, has been shown to almost completely eliminate the effects
of sintering20. The pores of the silica prevent any significant aggregation of the catalyst due to heat
or time. The immobilization of RuO2 nanoparticulates in SBA-15 was previously performed in our
lab and the material was compared to unsupported RuO2 nanoparticulate catalysts, showing great
enhancement of catalytic activity.20 Additionally several methods of loading the nanoparticulates
into the mesoporous material were evaluated to improve dispersion of RuO2 in the mesopore,
followed by chemical- as well as photochemical oxidation reactions to compare activity levels.
More recently, the reactivity of hematite (α-Fe2O3) has gained renewed interest as photoanode21-23 material for water oxidation, positing a cheaper and more abundant catalyst option. The
pursuit of water oxidation certainly has its intellectual and broad impact merits, but successfully
performing other types of reactions in aqueous media, such as the degradation of harmful
organics24,

25

and other contaminants,26-28 are also a worthwhile pursuit. Due to the desired

environmental application the catalyst must exhibit a certain degree of robustness under ambient
conditions. A material such as α-Fe2O3 which has proven to be not only robust under ambient
conditions but is also non-toxic and cheap, an ideal material for catalytic applications under these
conditions. Additionally, the bulk material’s reported band gap of ~2 eV29 (620nm) allows
hematite to absorb over a wide range of the solar spectrum, another highly desirable quality for
potential photo-catalysis. Upon excitation of a conduction band electron, a hole is produced at the
valence band. Both the excited electron and the hole can then react to form a hydroxyl radical (OH•)
with O2 or H2O, respectively.25
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Scheme 3.1 Generation of Hydroxide radicals by solar light activation of
α-Fe2O3 nanoparticulates

The highly reactive hydroxide radical produced by this process should then be available to
degrade contaminant species present in solution. Despite its promise, hematite is limited in
performance by its low light harvesting efficiency and large overpotential.30 However, promising
developments have been made with the realization of nanostructuring techniques.30 In addition to
pursuing the synthesis of nanoscale hematite materials for oxidation catalysis, the use of a
mesoporous support is explored in an effort to enhanced the catalyst durability by minimizing the
catalyst’s size.

3.2

Results and Discussion

3.2.1 (Bu4N)2[Mo2O11]

3.2.1.1 Synthesis and Characterization
The reaction between sodium molybdate and hydrogen peroxide in the presence of selenic
acid yielded the product, tetrabutylammonium peroxo-molybdate.31
FTIR analysis of the solid material shows stretches at 630, 740, 854, and 945 cm-1 (Figure
3.1), indicative of [Mo2O11]2- and representative of the different Mo-O stretching modes. The
identity of the compound was also verified by ESI--MS, showing the major [M-] species at 610.4
m/z (Appendix C1). Both ESI- MS and FTIR are in agreement with previously synthesized and
characterized material by Dr. Dylan Thompson.
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Figure 3.1 FTIR spectrum of (Bu4N)2[Mo2O11] with relevant stretches

3.2.1.2 Reactivity Testing of (Bu4N)2[Mo2O11]
The activity of (Bu4N)2[Mo2O11] toward methyl phenyl sulfide (MPS) oxygenation using
hydrogen peroxide as oxidant species was tested. A control reaction without the catalyst present
was carried out to investigate the oxidation power of hydrogen peroxide, finding negligible
activity (Appendix C2). The activity of the catalyst under solvent free conditions using tert-butyl
hydrogen peroxide (TBHP) as oxidant was also briefly investigated. General reaction conditions
can be found in Table 3.1.

Scheme 3.2 Oxygenation of Methyl Phenyl Sulfide to Methyl Phenyl Sulfone
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The progress of the catalytic reaction was monitored via GC analysis, using an internal
standard. A stock solution of the catalyst in acetonitrile ensures accurate and standardized
reaction conditions for reproducible data points on the reaction progress. All reactions were
initiated by addition of the peroxide, sampled at varying time intervals and the aliquot’s reaction
quenched using MnO2 which deactivates the remaining peroxide in solution by rapid
dissociation.

Table 3.1 General Reaction Conditions for MPS Oxygenation by (Bu4N)2[Mo2O11]
Substrate, mmol
MPS, 2.5
MPS, 2.5
MPS, 2.5

Oxidant, mmol
H2O2, 5.0
TBHP
H2O2, 5.0

Catalyst, μmol
(Bu4N)2[Mo2O11],5.0
(Bu4N)2[Mo2O11],5.0
Control, 0

Solvent
MeCN
N/A
MeCN

Figure 3.2 Molecular structure of oxidant sources utilized
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Figure 3.3 Speciation curve for H2O2 driven oxidation of MPS catalyzed by (Bu4N)2[Mo2O11]

The speciation curve in Figure 3.3 shows no evidence of an induction period, as the
formation of MPSO was immediately observed and complete consumption of the starting MPS
accomplished within 2 h. Additionally, it was observed that the formation of MPSO2 occurs once
a significant concentration of MPSO accumulates in solution and before the complete
consumption of MPS, showing a concurrent oxidation profile for this catalyst species. The
control reaction, without catalyst addition, was run under identical conditions, showing no
formation of MPSO2 and less than 45% percent of MPSO formed over 24 h.
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Figure 3.4 Speciation curve of solvent free TBHP driven oxidation of MPS catalyzed
(Bu4N)2[Mo2O11]

The solvent-free reactivity study was run using TBHP as the oxidant source. Again, no
induction period is observed, though the reaction as a whole proceeded more slowly. After 5 h,
only 72% MPSO was formed, while 26% MPS still remained. Formation of MPSO2 was only
verified after the first 2 h, and even after remained minimal (<2%).
The dinuclear (Bu4N)2[Mo2O11] catalyst showed good efficiency in the oxygenation of
MPS when using hydrogen peroxide as oxidant, and far superior conversion compared to using
the oxidant by itself. Though the reaction was much slower and incomplete when using the more
bulky TBHP (Figure 3.2) as oxidant, it allowed for some control over product formation, favoring
the MPSO oxygenation product over MPSO2 at shorter reaction times.

3.2.2

RuO2 Systems Synthesis and Activity Testing

3.2.2.1 Synthesis of Unsupported RuO2 Nanoparticulates
The synthesis of RuO2•xH2O nanoparticulates was modeled after a procedure by Chang32
and modified to yield specific particulate sizes. A dilute solution of RuCl3•3H2O in distilled water
was prepared and hydrothermally treated in an autoclave at 180°C for 2.5 h
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. The heat treatment lead to the oxidation of RuCl3•xH2O in solution, forming RuO2
nanoparticulates. To obtain the final product, the resulting particulates were rinsed with distilled
water until achieving neutral pH. The nanoparticulates were kept suspended in water until analysis,
as collecting them in solid form and redispersing them for later use has shown to aid aggregation
of the nanoparticulates. This procedure has been proven to produce RuO2 nanoparticulates on the
order of ~1.6 nm.33

3.2.2.2 Synthesis of NP134
NP1 was made according to literature20 by loading pre-synthesized nanoparticulates into
mesoporous SBA-15 as support for the RuO2 catalyst. A suspension of RuO2 in distilled water
was well dispersed, and to it was added SBA-15. This suspension evaporated while stirring, and
the resulting dry powder was calcined to fix the nanoparticulates in the pore and ensure complete
dehydration, yielding a 4wt% RuO2 in SBA-15 product material.

3.2.2.3 Synthesis of NP233
Similar to NP1, NP2 was made by diffusing pre-synthesized RuO2 nanoparticulates into
the mesoporous SBA-15 support. Prior to mixing the aqueous RuO2 nanoparticulate solution
with the silica support, the solution was left static to allow larger nanoparticulates to settle. This
lead to improved dispersion of the nanoparticulates, effectively ensuring that only the smallest
nanoparticulates would be dispersed into SBA-15, optimizing the catalyst surface area. This
suspension evaporated while stirring, and the resulting dry powder was calcined to fix the
nanoparticulates in the pore and ensure complete dehydration, yielding a 4wt% RuO2 in SBA-15
product material.

3.2.2.4 Ru2(capr)4Cl Precursor Synthesis
The use of a precursor with bulky substituents was sought for a wet impregnation synthesis
method. Previous wet impregnation attempts using RuCl3 lead to significant aggregation and low
surface area RuO2 production inside SBA-15. Fully extended, the long alkyl chains of the
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precursor should allow for only one molecule at a time to diffuse into the pores, limiting how
closely they can pack and therefore the size of the RuO2 particulate produced during the calcination
step. The synthesis of the Ru2(capr)4Cl precursor was modified from a literature procedure,35
displacing the butyrate units of the diruthenium paddlewheel complex with caprate units, using
capric acid. A maroon colored product material was recovered and analyzed by ESI+-MS which
indicated the presence of a minor impurity (basic carboxylate form). UV-vis was run to verify the
presence of the chloro-bonded desired product. The analysis showed a strong absorption band
around 480 nm, as well as a much weaker absorption around 1100 nm (Appendix C3), spectral
features consistent with the desired product.

3.2.2.5 Wet Impregnation of MCM-41: RuM1
Wet impregnation of MCM-41 with the ruthenium precursor molecule, Ru2(capr)4Cl was
carried out. The precursor was dissolved in ethyl acetate and stirred together with MCM-41 at a
3 mg/mL concentration. The solution was allowed to slowly evaporate while stirring, and the
resulting solid material was calcined after complete solvent evaporation to convert the precursor
molecule to RuO2. Two samples with different wt% RuO2 were prepared by this method, RuM12% and RuM1-8%.

3.2.3 Oxygen Evolution Experiment of supported RuO2

3.2.3.1 Photo-induced Oxygen Evolution

Scheme 3.3 General Scheme of SBA-15/RuO2 Photo-induced Water Splitting
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To evaluate the efficiency of the catalyst material toward photo-induced water oxidation,
the catalyst was dispersed in a buffered solution (pH ~5.4) together with a sacrificial oxidant
(Na2S2O8) and Ru(bpy)3Cl2∙6H2O as photosensitizer (Scheme 3.3). With use of an OceanOptics
FOSPOR-R oxygen sensor, the evolution of oxygen in the headspace was monitored in real time.
The theoretical yield of oxygen produced was calculated based on complete consumption of the
sacrificial oxidant.
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Figure 3.5 Monitoring of oxygen evolution from photo-induced water splitting reaction by NP1
(blue) vs. unsupported RuO2 nanoparticulates (red)

Figure 3.5 shows a substantial improvement in efficiency for NP1 over unsupported
RuO2 nanoparticulates. This improvement is attributed to the support successfully preventing the
aggregation of the nanoparticulates during the calcination process. Because the catalyst is
prevented from aggregating, the surface area is kept high and therefore retains its activity. The
oxygen yield from the photo-induced reaction with NP1 was found to be 77% over a period of 4
h, whereas the unsupported nanoparticulate only produce 38% in the same time.
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Figure 3.6 Monitoring of oxygen evolution from photo-induced water splitting reaction by NP2
with various recycles

The NP2 catalyst material outperforms its predecessor, NP1, producing more than 80%
yield in just over 3 h before tapering off around 83% over a full 6 h (Figure 3.6). One of the benefits
to heterogeneous catalysis is the ability to easily recollect and reuse the catalyst material. For this
reason, a recyclability investigation was done for NP2, the most promising catalyst. The first three
cycles show no significant loss in the overall activity of the catalyst material though the initial
onset of the oxygen production seems to delay a little with each subsequent cycle. Because the
overall activity was not reduced between recycles, it is a good indication that the catalyst stays
well dispersed inside the support, and does no leech out over time.

3.2.3.2 Ce(IV) Induced Oxygen Evolution
The Ce(IV) induced RuO2 catalyzed oxidation of water can also be investigated based on
the evolution of oxygen and was used as a first method of investigating the activity of these new
materials. A solution of the catalyst at 0.5 mg/mL concentration was made up in 0.5 M H2SO4.The
catalyst was well dispersed over several days and deaerated prior to initiating oxygen evolution
monitoring. The headspace should contain less than 5% oxygen at the beginning of the experiment.
The oxygen sensor was inserted, and a background reading recorded before initiating the catalytic
reaction with the injection of 0.1 M Ce(SO4)2.
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Figure 3.7 Ce(IV) induced water splitting reaction catalyzed by RuM1-2% (blue) vs RuM1-8%
(red)

Figure 3.7 illustrates that the lower catalyst loading of RuM1-2% leads to a lower activity
in the oxygen evolution efficiency, which could be expected, as less catalyst is present during the
reaction. The oscillation in the measurements was observed occasionally and concluded to be an
artifact of the oxygen sensor. The dramatic drop in overall catalyst activity when switching from
SBA-15 as a support (NP1, NP2) to employing MCM-41 is somewhat surprising. Though the
decrease in pore size could limit mass transport and diffusion efficiencies, it should also have
limited the catalyst aggregation further. The activity of RuM1-8% still shows an improvement in
activity over the unsupported RuO2 nanoparticulates at 47% compared to ~10%,20 respectively.
As the RuM1 material was not prepared by the same synthetic method as NP1 and NP2, the
loading efficiency of the mesoporous support could be affected. As previously observed using
zeolite material as the catalyst support, it is possible for the catalyst to not diffuse into the pore
but rather affix to the outside of the silica material.7, 17 To test this theory, RuM1-8% was
sonicated to loosen any surface bound particulates on the support, and tested for recycling
ability.
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Figure 3.8. Recyclability of sonicated RuM1-8wt%

As Figure 3.8 shows, post sonication process, the RuM1-8% material lost its recycling
ability; over only three cycles its activity drops from 66% to below 10%. During the sonication
process, surface bound nanoparticulates are knocked loose, and over time will begin to aggregate
in solution, leading to a decrease in catalytic ability. This observation supports the conclusion
that the wet impregnation synthesis route to RuM1 failed to produce RuO2 nanoparticulates
inside the mesoporous support. Thus far, using SBA-15 (NP1 and NP2) as a support allowed to
more efficiently prevent aggregation of RuO2 nanoparticulates compared to MCM-41.

3.2.3.3 Actinometry
An actinometry experiment was done to investigate the possible light scattering effect of
the mesoporous support. For this particular experiment potassium ferrioxalate, K3[Fe(C2O4)3], was
utilized. At a concentration of 0.15M, Ferrioxalate has a near quantitative optical depth within 10
mm for the wavelength in question (454 nm) indicative that it is able to absorb a photon within the
first ten millimeters of the reaction cell36, comparable to the photon absorbing abilities of the
Ru(bpy)32+ photo-sensitizer under the experimental conditions used for the photo-induced water
oxidation.
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When ferrioxalate absorbs a photon the iron center is reduced from an Fe3+ to an Fe2+
species, while the oxalate ligand is oxidized.36 The Fe2+ species can then be quantitatively
measured by reacting it with 1,10-phenanthroline to form the well characterized Fe(phen)32+ (ε =
11100M-1cm-1). Analysis was carried out for a solution containing SBA-15, as well as a control
solution that did not contain SBA-15. If the presence of insoluble SBA-15 in the reaction solution
affects the ability of light to interact with the photosensitizer due to a light scattering effect, there
should be an observable difference in the concentration of Fe2+ species produced in this experiment.
Because the ferrioxalate compound is so light sensitive, this analysis was carried out in a dark
room.
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Figure 3.9 Analysis of light scattering effect of SBA-15 (red) vs control (blue)

As shown in Figure 3.9, the diverging of the two trend lines indicates that a light scattering
effect seems to come into play at longer irradiation times, which could potentially affect the water
oxidation results, as that reaction is run for several hours.
To be thorough, the possibility of a polyanion effect of SBA-15 on [Fe2+] was investigated
and found to be non-evident under these reaction conditions.
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3.2.3.4 Ce(IV) Consumption Experiment
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Figure 3.10 Consumption of [Ce4+] monitored via UV-vis spectroscopy at 430 nm catalyzed by
NP1 (red) vs. RuM1-2%(blue)

The consumption of Ce(IV) during the water oxidation process was easily monitored by
UV-vis spectroscopy. The yellow-orange colored Ce(IV) (λABS = 430 nm) was converted to its
colorless Ce(III) form upon oxidizing water, catalyzed by RuO2. The decrease observed in the
absorbance spectrum was used to calculate the amount of Ce(IV) consumed. While the depletion
of Ce(IV) does not indicate the rate of reaction, it does show that the oxidant was completely
converted by the catalyst. In the case of NP1 vs. RuM1-2% shown in Figure 3.10, the high
efficiency of NP1 toward water oxidation was demonstrated again, leading to near complete
consumption of Ce(IV) in less than two hours. RuM1-2% was only able to consume 32% in the
same time frame.
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3.2.4 Iron Oxide Materials
3.2.4.1 Synthesis
3.2.4.1.1 Wet Impregnation of MCM-41
The wet impregnation of MCM-41 was carried out with water soluble iron sources. The
iron source stock solutions were prepared in deionized water, and added to MCM-41, yielding a
2wt% product material if all iron was completely converted to α-Fe2O3 in the calcination process.
During the slow evaporation, the mesoporous support drew the iron source into its pores by
capillary action. Once dry, the collected solid was calcined at 550°C for 6 h to convert the iron
precursor to α-Fe2O3, yielding α-FeM1.

3.2.4.1.2 Bulk Hematite Particulate Synthesis
Hydrothermal methods can be used to presynthesize α-Fe2O3 particulates with the intent to
passively diffuse these into the pores of the mesoporous support. However, tuning particulate size
can be quite difficult and time consuming, especially for on the very small nanoscale required for
MCM-41 which has a pore size of only ~4 nm. Nonetheless, the synthesis of nanoparticulates by
hydrothermal methods is useful as it also allows for the preparation of unsupported bulk α-Fe2O3
that can provide insights into the reactivity of hematite and later serve as a control to which to
compare the loaded catalyst system.
Initial efforts for hydrothermal synthesis were based on literature procedure.37, 38 FeCl3 was
added to a hot, dilute solution of HCl and hydrothermally treated for several days. The formation
of α-Fe2O3 particulates was apparent from the physical changes of the solution, which slowly
turned opaque and changed in color from pale yellow to a bright red-orange.

3.2.4.1.3 Nanocasting
A different approach to the size restriction can be taken in the form of templating or
nanocasting. Taking advantage of the smaller pore size of MCM-41 versus SBA-15, it can be used
as a templating agent to restrict hematite particle growth. Templating of the hematite material was
accomplished via wet impregnation of MCM-41 with an aqueous Fe3+ salt solution prior to
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hydrothermal treatment of the mixture. The silica support was easily etched away using a strong
base and left behind the templated hematite nanoparticulates which were then passively diffused
into the SBA-15 support to yield α-FeM2.

3.2.4.2 Characterization of Hematite Samples

3.2.4.2.1 Diffuse Reflectance
Diffuse reflectance measurements were performed for the α-FeM1 sample, showing a
broad absorbance range across most of the visible spectrum, as desired (Appendix C4). The
absorbance spectra for α-FeM1 were also used to calculate an estimated band gap values using the
Kubelka-Munk Theory.39 In this determination, the solid state diffuse reflectance spectrum was
converted to an F(R) spectrum using the Equation 3.3,39
F(R) = (1-R)2/(2R)

(Equation 3.3)

where R is the diffuse reflectance measurement of the sample. The x-axis was converted
to energy unit eV. On this plot, the linear region was fitted with a trendline. To find the band gap
value the x-intercept was extrapolated in eV (Appendix C4). The value found for α-FeM1 was Eg
= 2.34 eV, which is somewhat higher than the literature value of ~2 eV reported for bulk
hematite.29
It is generally accepted that the nanoscale electronic properties do not necessarily follow
the bulk properties, emphasizing the necessity for further study. The expected trend for a smaller
particle size would be a larger band gap, which was observed, however the possibility that the
mesoporous support leads to an unintended variation in the diffuse reflectance spectrum, affecting
the accuracy of this value, cannot be discounted.
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Figure 3.11 Small Angle XRD comparison between SBA-15 (top) and α-FeM2 (bottom)

The XRD diffraction pattern shown in Figure 3.11 shows that loading the SBA-15
support with nanocast hematite nanoparticulates, and subsequent calcination had an effect on the
mesoporous structure. SBA-15 is more robust than MCM-41 as it has thicker walls, therefore the
main structural features are retained (Figure 3.11, bottom) though drastically reduced in
intensity. This could partially be due to hematite particulates blocking the pores and preventing
the regular scattering pattern. Nonetheless, it is important to note the apparent retention of the
hexagonal structuring in the support. No diffraction peak signals were observed at higher angle
scans to indicate crystalline hematite, implying an amorphous nature of the hematite
nanoparticulates.
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3.2.4.2.3 Dynamic Light Scattering
To determine the approximate α-Fe2O3 particulate size for the hydrothermal bulk synthesis,
dynamic light scattering was attempted. Samples were prepared at a concentration of 0.2mg/mL
catalyst in absolute ethanol. Unfortunately, due to a large particulate size distribution the overall
results were not conclusive. The results are intrinsically skewed for samples containing a wide size
distribution, as the instrument measures the particulate size based on scattering over time. However,
as heavier particulates settle more quickly, the size distribution of the sample continuously shifts,
making it difficult for this method to average the particle size correctly. It was determined that the
range of particulates most likely falls between 100-500nm, much too large for the intended purpose
of loading these particulates into MCM-41 (pore size ~4nm).

3.2.4.3 Establishing Reactivity of Hematite Toward Aniline Conversion
Following a method heavily modified from literature,24 the ability of hematite to convert
aniline to azobenzene was investigated (Scheme 3.4). A solution of aniline was prepared in ethanol,
and the catalyst dispersed in the solution. Keeping the catalyst well dispersed is important for
reactivity so that it can be uniformly excited by the influx of photons from the light source (lamp
spectral range given in Appendix C5) and fully utilize the entire nanoparticulate surface area. Early
experiments utilized UV lamps that were later found to photo-degrade aniline rather than activating
the hematite catalyst (Appendix C7).
The oxidation reactions were carried out in a Rayonet photoreactor providing 360°
illumination. Generally, the catalyst was kept dispersed by agitating the reaction solution with
vigorous bubbling of oxygen gas, serving the additional function of saturating the solution with
available oxidant species, O2.
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Scheme 3.4 General Scheme of Aniline being converted to Azobenzene through the
Nitrosobenzene intermediate species.
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Figure 3.12 Activity comparison bulk hematite (α-Fe2O3, red), nanocasted nanoparticulates ((αFenc, blue), and α-FeM2 (green)

Figure 3.12 shows the activity profile for formation of azobenzene for three different
hematite samples. Both unsupported hematite samples showed comparable activity, where α-Fenc
seems to initially convert the aniline more quickly, but slows down over time, potentially due to
aggregation of the catalyst. The SBA-15 supported sample showed only approximately one fourth
of the activity of the unsupported catalyst. The reaction profile is the closet to linearity, however,
showing a steady, unchanging activity indicative of no aggregation of the catalyst in α-FeM2 over
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the reaction period. The supported material tends to be heavier than the unsupported catalyst, and
the mesoporous structure potentially decreased the amount of light that was able to activate the
hematite nanoparticulates, which could explain the much lower level of activity. Additionally, as
investigated in actinometry experiments, the mesoporous support induces a light scattering effect
that will be more prevalent in the case of the photosensitizer (hematite) being encased inside the
silica support, were it will be partially blocked from light illumination.

3.3

Conclusion
The investigation into different metal oxide species for their application as oxidation

catalysts yielded varying levels of success.
The catalyst (Bu4N)2[Mo2O11] was shown to efficiently oxygenate MPS to its sulfoxide and
sulfone forms using hydrogen peroxide, showing complete consumption of the sulfide starting
material in one hour. While the reaction is much slower when using TBHP as oxidant, the bulky
peroxide allows for the reaction to pseudo-selectively favor the formation of sulfoxide over sulfone
in the time period monitored.
Ruthenium dioxide nanoparticulate catalysts were synthesized successfully and utilized in
both chemical and photochemical water oxidation. The size of the RuO2 nanoparticulates was
greatly dependent on the temperature and duration of the heat treatment of RuCl 3•3H2O, which is
difficult to control with great precision. Nonetheless, sufficiently small nanoparticulates were
made to disperse into the mesoporous support SBA-15.
The preparation of RuM1, via wet impregnation method had only limited success in
depositing the catalyst inside the mesoporous support. The activity of this catalyst proved to be far
inferior to NP1 and NP2. This may be due to the fact that the smaller pores of MCM-41 limit the
diffusion through the pores and thereby mass transport.
Several methods were used to successfully prepare α-Fe2O3 particulates. Unfortunately, the
performance of the hematite material failed to impress, with aniline showing a higher total
degradation under pure UV light than in the presence of the catalyst. Supporting the hematite
nanoparticulates with mesoporous silica lead to a drop in activity, conceivably due to the lamp
irradiation being partially blocked from reaching the hematite. Though various hydrothermal
conditions were tested to tune particulate size, a satisfactory size range was not achieved. It is
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conceivable that the use of surfactants or structure directing agents could be used to help tune the
nanoparticulate size in the future.

3.4

Experimental

3.4.1 Materials and Instrumentation
Concentrated HCl (12M), NaOH pellets, and H2O2 (30%) were received from Macron
Chemicals. RuCl3•3H2O was bought from Pressure Chemical Co., capric acid, FeCl3 (anhydrous),
Methyl Phenyl Sulfide, Methyl Phenyl Sulfoxide, and Methyl Phenyl Sulfone from Acros
Organics. Sodium Molybdate, Selenic Acid, Cetyl trimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), PEG-PPG-PEG triblock copolymer, diethylamine, acetonitrile,
butyric acid, butyric anhydride, palmitic acid and Fe(NO3)3•9H2O were bought from SigmaAldrich. Mesoporous SBA-1519 and MCM-41,40 and precursors Ru2(OAc)4Cl and Ru2(but)4Cl
were synthesized modifying a literature procedure.35 All solvents and chemicals were used without
further purification unless otherwise specified.
Vibrational spectra were measured using a JASCO model FT/IR-6300 spectrometer.
Samples for the sulfide oxygenation reaction were analyzed using an Agilent 7890A GC system
equipped with a flame ionization detector (FID). Separation of the components was achieved using
an Agilent HP-5 column (30 m x 0.32 mm, 25 micron film thickness).
All optical spectra were measured using a JASCO model V-670 spectrophotometer. To
analyze the mesoporous silica powder samples, the spectrometer was equipped with an integrating
sphere, model ILN-725, and the corresponding powder sample holder. The powder samples
required no additional sample preparation.
The crystal phase of the mesoporous silica was determined via powder X-ray diffraction
using a Panalytical high resolution XRD, model X’Pert Pro MRD. The spectra were obtained using
Cu Kα radiation (λ = 1.54 Å). The MCM-41 and SBA-15 samples were affixed to a slide and
scanned over a range of 1-8 2θ and 0.5-5 2θ, respectively (Appendix C8).
The oxygen evolution tests were carried out using an OceanOptics oxygen sensor, model
FOSPOR-R, with data being viewed through NeoFox viewer.
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3.4.2 (Bu4N)2[Mo2O11]
A colorless solution of sodium molybdate was prepared in water (1.7 g in 5 mL) and to it
added 40% selenic acid (0.52 mL, 2.0 mmol). The slow addition of 30% H2O2 (4.25 mL) to this
solution with vigorous stirring lead to a drastic color change of the solution to dark red and
vigorous bubbling. After the completed addition, the solution turned yellow and ceased to
effervesce. The addition of tetrabutylammonium bromide (2.7 g) to the yellow solution, induced
the precipitation of (Bu4N)2[Mo2O11] as a yellow solid in 63% yield.

3.4.3 Activity Testing of (Bu4N)2[Mo2O11] Toward MPS Oxygenation
12.9 mg of catalyst (Bu4N)2[Mo2O11] was dissolved in 3 mL acetonitrile to prepare a
stock solution. From this solution 1 mL was extracted and diluted with an additional 4 mL of
acetonitrile. To this, 295 μL of the substrate, MPS, was added, and 225 μL(2.0 mmol) of the
internal standard, o-dichlorobenzene. The reaction was initiated by addition of 540 μL H2O2 the
reaction vial. The reactions were generally set up in pairs, to ensure uniformity in reaction
conditions.
To sample the reaction, a 20 μL reaction aliquot was extracted and to it added 2-5 mg
MnO2 to quench any remaining peroxide. The sample was diluted with 60 μL acetonitrile, mixed
and then centrifuged. For the GC measurement a ~2 μL aliquot was analyzed for each sample
time.
The control reaction without catalyst present was run under the same conditions, where
295 μL of MPS and 225 μL(2.0 mmol) of o-dichlorobenzene were added to 5mL of pure
acetonitrile instead of a dilute catalyst solution, and the reaction was again initiated by addition
of 540 μL H2O2 to the reaction vial

3.4.4 Hydrothermal RuO2 Nanoparticulate Synthesis41
RuO2∙xH2O nanoparticulates of desired size were made via hydrothermal treatment of a
20 mM RuCl3∙3H2O aqueous solution. The solution was heated to 180°C in a Teflon line steel
autoclave for 3 h before cooling it to room temperature using cold water. Upon cooling the
nanoparticulates were collected via centrifugation, rinsing the supernatant solution until
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achieving neutral pH. The nanoparticulates were kept suspended in neutral DI water until further
use, but no longer than 2 weeks.

3.4.5 NP1
Presynthesized RuO2 nanoparticulates were dispersed in water at a concentration of 3
mg/mL over a week, and mixed with SBA-15 to yield a 4wt% product. The water was allowed to
slowly evaporate, drawing the nanoparticulates into the pores of the mesoporous support through
capillary tension. The final step after complete evaporation (accomplished in an oven at 110°C
for 1-2 h) was calcination of the solid, to guarantee the formation of catalyst RuO2 over
RuO2∙xH2O, and ensure that the catalyst nanoparticulates are fixed to the mesopore walls. For
this the solid material was transferred to a ceramic vessel, and heated in a furnace to 350°C and
held there for four h.

3.4.6 NP2
NP2 also utilized presynthesized RuO2 nanoparticulates. The particulates were again
dispersed in water at a concentration of 3 mg/mL. However, to ensure that only the smaller, high
surface area nanoparticulates are loaded into the support, the larger particles were allowed to
settle briefly, before addition of SBA-15 to yield a 4-wt% product. Then, the water was again
allowed to slowly evaporate, drawing the optimized nanoparticulates into the pores of the
mesoporous support. The process was completed with the calcination step, heating the product
material at 350°C for four h to ensure the RuO2 form of the catalyst, and that the catalyst
nanoparticulates were securely fixed in the support.

3.4.7 Preparation of RuO2 on MCM-41

3.4.7.1 Synthesis of Ru2(capr)4Cl
Using 10 mL of dry toluene as solvent, 0.25g Ru2(but)4Cl was combined with 2.5 g capric
acid in a N2 purged Schlenk Flask, giving an 8-fold ligand excess. The Schlenk flask was equipped
with a stir bar and Soxhlet extractor, heated to a steady reflux (135°C) and kept stable at this
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temperature, under N2, overnight. The toluene served as carrying solvent, facilitating the removal
and neutralization of butyric acid by the Soxhlet apparatus at this temperature.
The product was collected by concentrating the reaction mixture and adding hexanes as
crystallization solvent. The flask was cooled in a refrigerator for 24 h after which a maroon
precipitate was collected via vacuum filtration.

3.4.7.2 Wet Impregnation Method for Synthesizing RuM1
6.93 mg Ru2(capr)4Cl was dissolved in ethyl acetate at a concentration of 3 mg/mL, to
which was added 0.1 g MCM-41. The solution was covered but not sealed, to allow for slow
evaporation of the solvent. Once evaporated the solid was collected and calcined at 550°C for 6
h, yielding RuM1-2%. Similarly, a RuM1-8% sample was prepared by increasing the equivalents
of precursor material dissolved in solution.

3.4.8 Activity Testing of NP2 for Water Oxidation
3.4.8.1 Actinometry
A solution of approximately 0.15M K3[Fe(C2O4)3] in 0.05M H2SO4 was prepared (solution
A). From this solution, 50 mL was extracted and SBA-15 was dispersed at a concentration of
3mg/mL, while another 50 mL sample was used as control solution, without SBA-15 dispersed in
it. In addition to this, a buffer solution (Solution B) of 1N NaO2CCH3, 1N H2SO4, and a saturated
solution of 1,10-phenanthroline in deionized water (Solution C) were prepared.
To measure the light scattering, 2.4mL of Solution A was irradiated for various time
intervals. As not all light influx could be avoided, both the control solution and the SBA-15
containing sample had a secondary “dark sample” control, sampled at the same time intervals and
as a reference for the starting concentration of Fe2+ present in the solution. After irradiation the
SBA-15 was removed by filtering the solution through a 0.45μL syringe filter. The concentration
of Fe2+ was measured by extracting a 1 mL aliquot of Solution A, mixing it with 2mL Solution B,
1mL Solution C, and diluting the solution to 10mL with deionized water in a volumetric flask. To
ensure a complete reaction between Fe2+ and 1,10-phenanthroline in solution, these samples were
all stirred for at least one hour before absorbance measurements were recorded.
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3.4.8.2 Ce(IV) Induced Oxygen Evolution
The catalyst was dispersed in a Schlenk tube containing 27.0 mL of 0.5M H2SO4 for three
days at a concentration of 0.5 mg/mL. The Schlenk tube was then evacuated and purged with
nitrogen in an effect to minimize the content of oxygen in the headspace (11.0 mL volume) and
solution. The OceanOptics oxygen sensor was inserted through a rubber septum and a background
reading taken until the net %O2 sensed remaide consistent. Due to minimal leaking taking place at
the sensor insertion sight, this background reading should show a slight but consistent, linear
increase in %O2. By taking precautions, such as ensuring a tight seal of the rubber stopper to the
Schlenk tube by fixing it with a wire, as well as sealing the area around the sensor insertion sight
with vacuum grease, this leak can be minimized. Once the background had leveled out, the water
splitting reaction was initiated by injecting 0.6mL of a 0.1M Ce(SO4)2 solution. The reaction was
monitored for 12-24 h. The background reading was used to correct the data for the presence of
leaked oxygen during the analysis.

3.4.8.3 Ce(IV) Consumption Experiment
A solution of 2.5 mg catalyst in 5 mL of 0.5M H2SO4 was prepared and stirred for three
days to adequately disperse the catalyst in solution. A spectrophotometer cell was filled with 2.5
mL of this solution. Immediately after adding 50 μL of 0.1M Ce(SO4)2 in H2SO4 to the cell and
thoroughly mixing the solution by inverting the cell several times, the absorbance of the solution
was measured at 430 nm. The sample was then removed, stirred, and reinserted for another
measurement every few seconds for the first fifteen minutes, after which the process may be
slowed down

3.4.8.4 Photo-induced Water Oxidation
Samples were prepared in three steps. First the RuO2 catalyst was dispersed in a
Na2SiF6/NaHCO3 buffer (pH 5.4)42 for three days at a concentration of 3 mg/mL (Solution 1). At
that time, 4 mL of a second, buffered solution (Solution 2) containing 58.6 mg Na2SO4 and 6.72
mg Ru(bpy)3Cl2 was prepared and kept wrapped in aluminum foil to prevent the degradation of
the Ru(bpy)3Cl2 photo-sensitizer by light. The last solution contained 19.5 mg of Na2S2O8, the
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sacrificial oxidant, in 1 mL of buffer (Solution 3). A long-necked quartz cuvette containing a flea
stir bar was wrapped in aluminum foil to shield it from any light influx. To it were added 0.4 mL
of Solution 1 and 1.6 mL of Solution 2, and the cell was purged with nitrogen in an effect to
minimize the content of oxygen in the headspace (3.75 mL volume) and solution. After purging,
and while still under nitrogen flow, 0.4 mL of Solution 3 was added to the cell, which was
immediately fitted with a rubber septum. In a dark box setup, the OceanOptics oxygen sensor was
inserted through the rubber stopper and a background reading taken for up to 30 minutes, after
which the photosensitizer of the water splitting reaction was activated by turning on the LED light
source (454 nm), initiating catalysis.
The data was presented as percent yield of oxygen evolved based on a theoretical yield
calculated from the amount of sacrificial oxidant, persulfate. The calculations take into account
possible oxygen leaking through the injection site in the rubber stopper, as well as the initial
amount of oxygen present that could not be purged from the cell (Appendix C6).

3.4.9 α-Fe2O3-MCM-41(α-FeM1)
Samples of 2wt% α-Fe2O3-MCM-41 were prepared by wet impregnation of the MCM-41
using two different precursors, FeCl3 and Fe(NO3)3•9H2O.
The precursors were dissolved in deionized water at 0.5mg/mL, so that the total mass of
iron added would produce a 2wt% α-Fe2O3 product if the entire precursor was converted to αFe2O3 for 0.1g MCM-41. While stirring the suspension to keep the MCM-41 uniformly dispersed,
the solvent was allowed to evaporate slowly over time, which caused the mesoporous support to
draw the iron source into its pores by capillary action. Once dry, the collected solid was calcined
at 550°C for 6 h to convert the iron precursor to α-Fe2O3. The resulting powder was a light, burnt
orange color.

3.4.10 Bulk α-Fe2O3
In the past, passive diffusion of pre-synthesized metal oxide into the mesoporous support
has been quite effective43. For this reason, an attempt was made to synthesize particles small
enough to diffuse into the pores of SBA-15 (~9nm). The hematite particles were prepared by
preparing a 0.02M HCl, 0.02M FeCl3 solution and heating it a pressurized pyrex flask for 72 h,
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which were determined to be the ideal parameters for small hematite particles (Appendix C9).
These hematite particles were then stirred together with SBA-15 in an ethanol/water solution for
several days. When collected by vacuum filtration, the filtrate was clear and colorless, with no
remaining hematite particles observed.
A dilute solution of HCl (0.002M) was prepared and heated to 100°C in a pyrex flask
which was equipped with a Teflon screw cap to allow for the flask to become pressurized.
Enough FeCl3 was added to the hot HCl solution to make a concentration of 0.02M FeCl3 upon
which the pyrex flask was tightly sealed with the Teflon screw cap and placed in an oven at
110°C for several days. The solution slowly turned opaque over the heating period. A color
change from pale yellow to blood orange was observed, indicating the formation of α-Fe2O3
particulates.

3.4.11 Fe2O3-SBA-15 (α-FeM2)
As the exact size of hematite particles synthesized via hydrothermal treatment was
difficult to determine and confirm, nanocasting seemed to be an attractive alternative for
ensuring small particulate sizes. MCM-41, another mesoporous silica support, was used as
sacrificial template due to its smaller pore size (~4 nm). The template was suspended in a 0.02M
HCl/0.02M FeCl3 solution for one hour and sonicated for 5 minutes to assure all clumps had
been broken up and the solution was uniformly mixed. The suspension was then transferred into
a pressure vessel to be heated to and kept at 110°C for 72 h. The resulting solid was collected via
vacuum filtration, washed and dried.
The template was removed by etching with a 2.0M NaOH solution. All recovered
hematite particles were kept suspended to minimize potential aggregation of the nanoparticles.
Because the desired support (SBA-15) is also a silica material, the suspension solution
containing the hematite nanoparticles was first neutralized with HCl before the SBA-15 could be
dispersed into it. The suspension was kept stirring overnight before recovering the hematite
loaded SBA-15 via vacuum filtration. The product was a pale peach orange powder.
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3.4.12 Activity Testing Experimental Setup

3.4.12.1 Aniline Degradation – General Parameters
A solution of 0.2 M aniline in ethanol was prepared with a catalyst concentration of 2
mg/mL. The reaction solution irraditated using a Rayonet photoreactor equipped with lamps in
the visible light spectrum (Appendix C5). The reaction solution was sampled at varying intervals
by extracting a 0.1 mL aliquot, diluting this to 0.5 mL with ethanol. The sample was then
centrifuged to remove the catalyst particulates and 0.4 mL of the clear supernatant was extracted.
This sample was diluted with 2.0 mL ethanol and analyzed for the appearance of the oxidation
product, azobenzene, by UV-vis spectroscopy, scanning 360-525 nm. For each type of catalyst
material a dark control reaction was also recorded.

3.5

Acknowledgements
I am grateful to Dr. Dylan Thompson for his leadership on the (Bu4N)2[Mo2O11] project

and Dr. Yang Zhang for his guidance on and contributions to the RuO2 project. Also, a big thank
you to Dr David McMillin for his help on the actinometry studies and Dr. Alex Wei for the use of
his Rayonet photoreactor. I would also like to acknowledge Purdue University for funding the
hematite project.

89
3.6

References

1

C. L. Hill and C. M. Prosser-McCartha, Coord. Chem. Rev., 1995, 143, 407-455.

2

I. V. Kozhevnikov, Chem. Rev., 1998, 98, 171-198.

3
D. C. Duncan, R. C. Chambers, E. Hecht and C. L. Hill, J. Am. Chem. Soc., 1995, 117,
681-691.
4
L. Salles, C. Aubry, R. Thouvenot, F. Robert, C. Doremieux-Morin, G. Chottard, H.
Ledon, Y. Jeannin and J. M. Bregeault, Inorg. Chem., 1994, 33, 871-878.
5
M. H. Armandi, S.; Vankova, S.; Zanarini, S.; Bonelli, B.; Garrone, E., ACS Catal., 2013,
1272-1278.
6

N. D. McDaniel and S. Bernhard, Dalton Trans., 2010, 39, 10021-10030.

7

J. M. S. Lehn, J. P.; Ziessel, R., Nouv. J. Chim., 1980, 355-358.

8
H. M. Junge, N.; Kammer, A.; Denurra, S.; Bauer, M.; Wohlrab, and F. P. S.; Gartner, M.
M.; Spannenberg, A.; Gladiali, S.; Beller, M., Chem. - Eur. J., 2012, 12749-12758.
9

H. F. Han, H., J. Phys. Chem. C, 2008, 16156-16159.

10

F. F. Jiao, H., Angew. Chem., Int. Ed., 2009, 1841-1844.

11

F. F. Jiao, H., Chem. Commun., 2010, 2920-2922.

12

H. Over, Chem. Rev., 2012, 3356-3426.

13

A. R. Mills, T., J. Chem. Soc.; Faraday Trans., 1991, 1245-1250.

14

N. C. D. King, C.; Zhou, W.; Bruce, D. W., Dalton Trans, 2005, 1027-1032.

15

A. Mills, J. Chem. Soc., Dalton Trans., 1982, 1213-1216.

16

J. G. Kiwi, M., Angew. Chem., Int. Ed., 1979, 624-626.

17

S. K. D. Das, P. K., Micropor. Mesopor. Mater., 1998, 475-483.

18
C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli and J. S. Beck, Nature, 1992,
359, 710-712.
19
D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, B. F. Chmelka and G. D.
Stucky, Science, 1998, 279, 548-552.
20

Y. R. Zhang, T., Chem. Commun., 2012, 11005-11007.

21
K. M. H. K. Young, B. M.; Zandi, O.; Hamann, T. W., Catal. Sci. Technol., 2013, 16601671.
22

Y. Z. Lin, S.; Sheehan, S. W.; Wang, D., J. Am. Chem. Soc, 2011, 2398-2401.

90
23
M. M. Barroso, C. A.; Pendlebury, S. R.; Cowan, A. J.; Hisatomi, T.; Sivula, K.; Gratzel,
M.; Klug, D. R.; Durrant, J. R., Proc. Natl. Acad. Sci. U.S.A., 2012, 15640-15645.
24

C. S. Karunakaran, S., Electrochem commun., 2006, 95-101.

25

H. S. K. Wahab, A. D., Chem. Phys., 2009, 171-176.

26
M. S. Mahadik, S.; Mohite, V.; Kumbhar, S.; Rajpure, K.; Moholkar, A.; Kim, J.;
Bhosale, C., Mater. Express, 2013, 247-255.
27
D. D. Jyothi, P. A.; Venugopal, B. R.; Chandrasekaran, S.; Madras, G., J. Chem. Sci.,
2012, 385-393.
28

J. K. Bandara, U.; Kiwi, J., Appl. Catal., B, 2007, 73-81.

29

S. Mochizuki, Phys. Stat. Sol. (a), 1977, 41, 591-594.

30

K. Sivula, F. LeFormal and M. Gratzel, ChemSusChem, 2011, 4, 432-449.

31
D. J. Thompson, Z. Cao, E. C. Judkins, P. E. Fanwick and T. Ren, Inorg. Chim. Acta,
2015, 437, 103-109.
32

K.-H. H. Chang, C.-C.; Chou, C.-Y., Chem. Mater., 2007, 2112-2119.

33

Y. J. Zhang, E.; McMillin, D. R.; Mehta, D.; Ren, T., ACS Catal., 2013, 2474-2478.

34
M. A. Ballem, X. Zhang, E. M. Johansson, J. M. Cordoba and M. Oden, Powder
Technology, 2012, 217, 269-273.
35
F. D. I.-E. Cukiernik, M.; Chaia, Z. D.; Marchon, J.-C.; Giroud-Godquin, A.- and D. S.
M.; Guillon, A.; Maldivi, P., Chem. Mater., 1998, 83-91.
36

C. G. Hatchard and C. A. Parker, Proc. R. Soc. London, Ser. A, 1956, 235, 518-536.

37

E. S. Matijevic, P., J. Colloid Interface Sci., 1978, 509-524.

38
T. P. W. Raming, A. J. A.; van Kats, C. M.; Philipse, A. P., J. Colloid Interface Sci.,
2002, 346-350.
39

R. G. Lopez, R., J. Sol-Gel Sci. Technol., 2012, 1-7.

40
M. U. Grün, K. K.; Matsumoto, A.; Tsutsumi, K., Micropor. Mesopor. Mater., 1999,
207-216.
41

W. W. P. Weare, Y.; Yachandra, V. K.; Frei, H., J. Am. Chem. Soc., 2008, 11355-11363.

42
M. Armandi, S. Hernandez, S. Vankova, S. Zanarini, B. Bonelli and E. Garrone, ACS
Catal., 2013, 3, 1272-1278.
43

X. Zhou, Q. Xu, W. Lei, T. Zhang, X. Qi, G. Liu, K. Deng and J. Yu, Small, 2013, n/a.

91

APPENDIX A

Appendix A1. ORTEP plot of one 1.1+ molecule at 30% probability level. Hydrogen atoms, Cland solvent molecules were omitted for clarity. N-H bonds shown to illustrate stereochemistry.

Appendix A2. ORTEP plot of 1.2+ at 30% probability level. Hydrogen atoms and ClO4- were
omitted for clarity. N-H bonds shown to illustrate stereochemistry.

Appendix A3. ORTEP plot of one 1.3+ molecule at 30% probability level. Hydrogen atoms and
BPh4- were omitted for clarity. N-H bonds shown to illustrate stereochemistry.
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Appendix A4. Absorption spectra overlay of [1.3]BPh4 (blue) and [1.4]Cl (orange) in
acetonitrile.

Appendix A5. Emission spectra of [1.1]Cl at 77 K (λex = 424 nm) in 4:1 EtOH:MeOH glassing
solution measured over a range of delay times, indicated by arrow.
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Appendix A6. Emission spectra of [1.1]Cl at room temperature (λex = 420 nm) in degassed
MeCN, measured over a range of delay times, indicated by arrow.

Appendix A7. Emission spectra of [1.3](BPh4) at 77 K (λex = 403 nm) in 4:1 EtOH:MeOH
glassing solution over a range of delay times, indicated by arrow.
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Appendix A8. Emission spectra of [1.3](BPh4) at room temperature (λex = 403 nm) in degassed
MeCN over a range of delay times, indicated by arrow.

Appendix A9. Emission spectra of [1.4]Cl at 77 K (λex = 427 nm) in 4:5
propionitrile:butyronitrile glassing solution over a range of delay times, indicated by arrow.
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Appendix A10. Emission spectra of [1.4]Cl at room temperature (λex = 427 nm) in degassed
MeCN over a range of delay time, indicated by arrow.
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Appendix A11. Differential Pulse Voltammetry of complex [1.2](ClO4) in 0.2M Bu4NPF6
solution in acetonitrile according to the Richardson-Taube method, showing the Gaussian fit (red
line) done in Origin.
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APPENDIX B

Appendix B1 ORTEP plot for 2.52+ at 30% probability level. N-H bonds shown to
illustrate stereochemistry. Coordinated acetonitrile was retained to illustrate geometry around the
metal center. Other hydrogen atoms, OTf- counterions, solvent molecules, second cation, and
disorder were omitted for clarity.

Appendix B2 ORTEP plot for 2.1+ at 30% probability level. N-H bonds shown to illustrate
stereochemistry. All other hydrogen atoms, Cl- counterion, and solvent molecules were omitted
for clarity.
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Appendix B3 ORTEP plot for 2.3+ at 30% probability level. N-H bonds shown to illustrate
stereochemistry. All other hydrogen atoms, Cl- counterion, and solvent molecules were omitted
for clarity.

Appendix B4 ORTEP plot for 2.4+ at 30% probability level. N-H bonds shown to illustrate
stereochemistry. All other hydrogen atoms, Cl- counterion, and solvent molecules were omitted
for clarity.
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Appendix B5 ORTEP plot for 2.6+ at 30% probability level. N-H bonds shown to illustrate
stereochemistry. All other hydrogen atoms, OTf- counterion, and solvent molecules were omitted
for clarity.
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Appendix B6 Absorption spectra for 2.4-2.6 and Me3SiC2Np
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Appendix B7 Illustration of the narrow Stokes’ shifts between absorption (red) and
emission (blue) spectrum for a) 2.4 and b) 2.6
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Appendix B8: Energy spacings (in cm-1) of anthracene, Me3SiC2ANT and 3, listed in order of
lowest to highest energy peak
Anthracenea

a

Me3SiC2ANT

3

Absorbance

Emission

Absorbance

Emission

Absorbance

Emission

1513.5

1400

1456.5

1266

1427.9

1322

1432.5

1400

1341.5

1302.5

1313.2

1320.5

1442

1400

1487.5

1358

1374.4

1392.5

1483.5

1400

determined from literature data provided by Refr. 60

Appendix B9: Electrochemistry of 2.3-2.6

Scheme B9 Assignments for metal based one-electron redox processes of Co(III)cyclam
complexes
Table B9 Compiled redox processes for 2.3-2.6
+4

+3

3+

2+

2+

1+

1-

Species

E(Co /Co ), V
A

E(Co /Co ), V
B

E(Co /Co ), V
C

E(ANT/ANT ), V
D

2.3

0.58

-1.42

-1.90

-2.28

2.4

0.68

-1.50

-1.93

-

2.5

1.05

-1.26

-1.88

-

2.6

0.88

-1.96

-

-
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The redox events observed for 2.3-2.5 are all considered irreversible. The analysis of 2.3
and 2.4 indicates a decrease in electron donating ability as conjugation decreases from anthryl to
naphthyl. This is evident in the oxidation event (A) shifting to a higher potential for 2.4
compared to 2.3, 0.68 V and 0.58 V, respectively. Both 2.3 and 2.4 show the dissociation of the
chloro-ligand upon first reduction (B). Complex 2.5 shows consistent behavior for a more
electron deficient Co(III) center in its reduction profile, where both (B) and (C) are shifted to less
negative potentials compared to 2.4. Particularly noteworthy is the redox event (B) for 2.6 which
shows a pseudo-reversible event. The potential of this reduction is shifted to significantly
cathodically shifted, due to the addition of the second alkynyl unit, increasing the electron
richness of the Co(III) center.
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Figure B8 CVs of 2.3-2.6 (bottom to top), recorded in acetonitrile at a 1 mM concentration of
analyte and a 0.1 M Bu4NPF6 electrolyte concentration, with a scan rate of 0.1 V/s.
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APPENDIX C
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Appendix C1. ESI- mass spectrum of (TBA)2[Mo2O11], at cone voltage of 15V.
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Appendix C2. Control reaction for oxygenation of MPS by H2O2 without catalyst present
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Appendix C3. UV-vis-NIR absorbance spectrum of Ru2(capr)4Cl
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Appendix C4. a) Diffuse Reflectance spectrum of α-FeM1, with b) Kubelka-Munk plot including
trendline of linear region for band calculation.
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Appendix C5. Spectral range for lamp used in aniline degradation experiments (provided by
vendor: The Southern New England Ultraviolet Co.).

Appendix C6. Calculations for Catalytic Oxygen Evolution Experiments
For baseline corrections, t = 0 sec was set at the moment the lamp was turned on, or the
reaction is otherwise initiated. The %O2 present in the head space at that time was also
considered the zero net %O2 point. The baseline recorded prior to this point was fitted to a
trendline to approximate the increase in O2 due to leaking at the puncture sight where the sensor
was inserted. The slope of this line is subtracted from the raw data.
To convert the net%O2 measured to moles of O2 produced, the ideal gas law was applied.
The known headspace volume (3.75 mL) was used to calculate a theoretical 100% O2 value of
0.1569 mmol. Because oxygen is also reasonably soluble in water, a correction factor was
applied to endeavor to correct for oxygen produced but trapped in solution.
At 20°C, the solubility of oxygen in water is 9.077mg/L. Since the reaction solution was
degassed prior to the reaction start, the initial amount of oxygen solution was adjusted to reflect
this. This value was calculated based on the amount of oxygen expected to be dissolved in water
given a regular atmosphere (20.9% oxygen), which is 6.82x10-4 mmol. Based on this value and
the %O2 measured in the headspace just prior to the lamp being switched on, an initial value for
dissolved O2 can be found. Likewise, the final amount of oxygen that is likely present in solution
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can be calculated using the final %O2 value measured for the reaction and the difference added to
the calculated total amount of oxygen based on the headspace analysis.
The final step is to calculate the percent yield of reaction based on the sacrificial oxidant
used in the experiment, which could be either Na2S2O8 or Ce(IV).
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Appendix C7. Aniline degradation using UV light with hematite catalyst (red) and without
hematite catalyst (blue)
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Appendix C8 a) X-ray diffraction pattern of calcined MCM-41sample, b) X-ray diffraction
pattern of calcined SBA-15 sample, both representative of literature results

The spectra for both MCM-41 and SBA-15 match those found in literature. The first sharp
peak is indicative of the three miller indices (h, k, l) 1, 0, 0 which describe the lattice planes of the
unit cell. The two smaller peaks that follow in the spectra are assigned as 1, 1, 0 and 2, 0, 0,
respectively. This pattern indicates a hexagonal crystal phase, as expected for these materials.
The pore size for these mesoporous materials was generally determined by BrunauerEmmett-Teller theory (BET) from a nitrogen adsorption isotherm. In this case, this analysis was
not done as the material is well characterized in literature. The pore size was estimated based on
the surfactant used during the reaction. The pores of MCM-41 synthesized using CTAB as
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surfactant yield a pore size of ~4 nm. Literature indicated that the pore sized of SBA-15 using
the triblock copolymer EO20-PO70-EO20 (~5800 Da) ranges between 5-9 nm.

Appendix C9. Hematite Nanoparticulate Size Optimization

Because an increase in the FeCl3 concentration most likely would lead to greater
aggregation and therefore a larger nanoparticulate size, the HCl concentration of the solution was
varied to observe its effect on particulate size.
Three vials of 8 mL 0.02M FeCl3 were prepared for concentrations of 0.02M HCl, 0.1M
HCl and 0.2M HCl. All three vials were put into identical pressurized metal vessels and heated for
138 hrs at 100°C. After this time the pressure vessels were allowed to cool and the resulting
solutions were observed. Only the most dilute HCl concentration (0.02M) gave a suspension of
blood red particulates, while both more acidic solutions produced no particulates at all. The
particulates were allowed to settle so that the acidic solvent could be mostly removed. The
particulates were then washed several times with deionized water and ethanol, and dried in an
evaporating dish. Due to the small reaction volume the product was not recovered in great
quantities, though most if not all of the FeCl3 was converted to hematite. This was determined
from a simple investigation of the acidic supernatant layer. Upon addition of base to the acidic
layer, any remaining FeCl3 would precipitate out of solution as iron hydroxide species, which was
not observed.
From the above observations a temperature varying trial was set up using the optimized
concentrations for HCl (0.02 M) and FeCl3 (0.02 M). Heating times were varied at: 41.5 h, 65 h,
and 89 h.
All three samples produced a suspension of α-Fe2O3 particulates of varying shades of
orange to red, darkening with longer heating times. In addition to a color difference, the
particulates were also observed to settle at different rates, with the particulates from shortest
heating time taking the longest time to settle, indicating the smallest particulates. In accordance
with the previous trials, the acidic solvent was removed and the remaining particulates washed
thoroughly with deionized water and ethanol. Shorter reaction times also lead to incomplete

109
conversion of the iron source to hematite, with free Fe3+ remaining in the supernatant layer. The
samples were once again left to air dry, and the dried powder was collected as product.
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Metal Alkynyl Complexes

Synthesis and Investigation of Macrocyclic CrIII Bis(alkynyl)
Complexes: Structural and Spectroscopic Properties
Eileen C. Judkins,[a] Sarah F. Tyler,[a] Matthias Zeller,[a] Phillip E. Fanwick,[a] and Tong Ren*[a]
Abstract: The synthesis and characterization of four new CrIII–
bis(alkynyl) complexes bearing the macrocyclic tetraaza ligand
DMC (DMC = 5,12-dimethyl-1,4,8,11-tetraazacyclotetradecane)
are reported. Complexes trans-[Cr(DMC)(C2R)2]X (R = Ph ([1]X),
Fc ([2]X), X = Cl, ClO4. C2H ([3]X′); X′ = ClO4, BPh4) and cis[Cr(DMC)(C4TMS)2]Cl ([4]Cl) were studied using UV/Vis and FTIR
spectroscopy, and their identities were verified with ESI-MS and
elemental analysis. The three trans complexes, [1]Cl, [2](ClO4),
and [3](BPh4), were structurally characterized using single-crystal X-ray diffraction, which revealed a pseudo-octahedral geometry around the Cr center with the nitrogen atoms occupying

the equatorial plane and the alkynyl ligands residing in the apical positions. Spectroscopic analysis of [1]Cl, [3](BPh4) and [4]Cl
shows highly structured d–d bands between 320 and 500 nm.
All CrIII complexes reported herein are emissive, and detailed
studies were performed for [1]Cl, [3](BPh4), and [4]Cl, yielding
phosphorescence lifetimes (77 K) of 380, 358, and 160 μs, respectively, and room temperature quantum yields of 0.01 % for
complex [1]Cl and 0.15 % for complex [4]Cl. Voltammetric studies of complex [2](ClO4) indicate a weak but discernible coupling between two ferrocenyl groups across the C2–Cr–C2
bridge.

Introduction

cence can be affected by photoinduced electron-transfer or
other quenching mechanisms,[16] and it can be detected at single molecule levels.[17] In addition to a better understanding of
the ability to move electronic charge, the ability to control and
tune the photochemical and photophysical properties of the
complex is significant.[18] Many CrIII complexes are known for
their phosphorescence,[15,19] a process which is accompanied
by long lifetimes and can be affected by the stereochemistry
around the metal center as well as the identity of the coordinating ligands. It should be noted that bis(alkynyl) complexes
based on Cr(cyclam) were first investigated by Berben and
Long[20] and subsequently by several other groups.[21,22]

The field of metal alkynyl chemistry emerged decades ago from
the primary interest to demonstrate the similarity between
acetylides and the isoelectronic cyanide ion as coordinating ligands.[1] These compounds, mostly homoleptic in nature, were
interesting for their structural chemistry and later for the reactivity of polynuclear metal units connected by bridging alkynyl
ligands. In recent years, metal alkynyl complexes have attracted
intense interest for their use as building blocks of molecular
wires[2,3] and molecular optoelectronic materials[4] due to their
π-delocalization and rich redox activities of the metal center.
Most of the highly conjugated systems use 4d and 5d metals
such as Ru,[5] Ru2[3,6] and Re,[7] with some examples of 3d metals like Fe[8] and Mn.[9] Recent development of linear multi-iron
rods bridged by μ-C4 moiety[10] and conductivity measurements of these rods[11] are also noteworthy.
The alkynyl chemistry of 3d metal complexes with polyaza
macrocyclic ligands was discussed in a recent review,[12] which
addresses the importance of expanding the scope of these
complexes to gain a better understanding of photoinduced
electron transfer (PET) and related photophysical and photochemical processes in these systems. Because CrIII has well documented photophysical properties,[13–15] it is an ideal metal
center to be utilized in investigations of new materials for optoelectronic applications, as fluorescence is thought of as an ideal
optical output; it needs no wiring, on/off switching of fluores[a] Department of Chemistry, Purdue University,
560 Oval Drive, West Lafayette, IN 47906, USA
E-mail: tren@purdue.edu
www.chem.purdue.edu
Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/ejic.201700790.
Eur. J. Inorg. Chem. 2017, 4068–4076

Our interest in polyaza macrocycles stems from their facile
and cost-effective synthesis, as well as their ready coordination
with transition metals. Of particular interest have been macrocycles based on the cyclam (1,4,8,11-tetraazacyclotetradecane)
motif. It has been shown that in some complexes the conformation of the macrocyclic ligand controls the stereochemistry
around the metal center, as is the case with meso- and racHMC.[23] In the case of DMC (DMC = 5,12-dimethyl-1,4,8,11tetraazacyclotetradecane), a similar macrocycle, the stereocontrol of the macrocycle is less significant. While DMC also exists
in C-meso and C-rac conformations, transition metal complexes
of both cis- and trans- nature have been reported for both conformers.[24,25] For instance, when the cis/trans-[Cr(DMC)Cl2]X
(X = Cl, ClO4) complexes were prepared from pure C-meso DMC
ligand, the cis-isomer predominates 9:1 over the trans-isomer.[25] The CrIII–N bonds for these cyclam type polyaza macrocycles have been reported as very robust.[25] Additionally, previously reported alkynyl compounds based on the M-tetraaza system were observed to be stable in air, which is an important
characteristic of complexes as active materials for electronic
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and optoelectronic applications.
Therefore, growth of the
area of 3d metal ions complexed by tetraaza macrocycles promises to further advance sustainable metal alkynyl chemistry. Reported herein are the preparation and analysis of a series of
CrIII(DMC)–bis(alkynyl) complexes (1–4), the photophysical
properties for complexes [1]Cl, [3](BPh4), and [4]Cl, and electrochemical characterization of [2](ClO4).

Results and Discussion
Synthesis
Four macrocyclic CrIII–bis(alkynyl) complexes were synthesized
from reactions of cis- or trans-[Cr(DMC)Cl2]X (X = Cl–, ClO4–) with
the appropriate lithium acetylide to yield complexes 1–4
(Scheme 1). It should be noted that the formation of the transalkynyl product is generally favored, despite the cis-isomer being the predominant species in the starting material. This observation has been made in the cases of M(cyclam) complexes
with M as Fe and Cr.[12]
Complex trans-[Cr(DMC)(C2Ph)2]X ([1]X; X = Cl, ClO4) was prepared from reactions between either cis- or trans-[Cr(DMC)Cl2]X
(X = Cl, ClO4) and 5 equiv. of LiC2Ph in 15 h. Purification was
accomplished using a silica gel plug, isolating [1]X (X = Cl, ClO4)
as a yellow powder in yields up to 79 %. Similarly, the reaction
of trans-[Cr(DMC)Cl2]ClO4 with 2 equiv. LiC2Fc for 15 h yielded
the complex trans-[Cr(DMC)(C2Fc)2]ClO4 {[2](ClO4)}, which was
isolated as a rust colored powder in a 66 % yield. Complex [2]Cl
was also prepared from cis-[Cr(DMC)Cl2]Cl at a lower yield (57 %).
In contrast to [1]X and [2]X (X = Cl, ClO4), the stereochemistry of the products from the reaction using butadiynyl is dependent on the CrIII starting material. Thus, trans-[Cr(DMC)(C4
H)2]ClO4 {[3](ClO4)} was prepared from the reaction between

trans-[Cr(DMC)Cl2]ClO4 and 5 equiv. of LiC4SiMe3 over 1 h, and
isolated as a yellow solid (41 %). The complex cis[Cr(DMC)(C4TMS)2]Cl ([4]Cl), on the other hand, was prepared
from the reaction of cis-[Cr(DMC)Cl2]Cl and 5 equiv. of LiC4SiMe3
over 15 h, and isolated as an orange solid in a 43 % yield. A
hydroamination byproduct[22] (verified by ESI-MS: m/z = 644
[M+]) was observed during the synthesis of [4]Cl and separated
from the desired product using column purification. The
dependence of the product stereochemistry on the starting material is similar to what has been observed for bis(alkynyl) complexes using the more sterically crowded HMC ligand.[23]
It has been observed that the cis-species 4+ may isomerize
to the trans-species 3+ (verified by UV/Vis and ESI-MS) when
dissolved in a polar coordinating solvent such as acetonitrile,
demonstrating that the trans-conformation is thermodynamically favored. The spontaneous desilylation of the butadiyne
group in complex [3](ClO4) renders the complex less stable in
solution, especially in methanol. This made the product difficult
to isolate and led to lower yields of [3](ClO4). As a solid,
[3](ClO4) appears to be indefinitely stable. Because of the poor
solubility of [3](ClO4), it was necessary to perform an anion exchange (BPh4–) for the purpose of further characterization.
Measurement of room temperature magnetic susceptibility
using a benchtop balance yielded effective magnetic moments
for complexes [1]Cl (3.40 μB), [2](ClO4) (3.57 μB) and [4]Cl
(3.52 μB), which are somewhat below the expected spin-only
value of 3.87 μB for a S = 3/2 center. Because of the limited
supply of materials, the magnetic moment of complex [3](ClO4)
(4.14 μB) was determined using the Evans method.[26] Identity
and purity of complexes [1]Cl, [2](ClO4), [3](ClO4) and [4]Cl were
verified by ESI-MS and elemental analysis. FTIR spectroscopic
analysis shows characteristic ν(C≡C) peaks that verify the incorporation of the alkynyl ligands.

Scheme 1. General synthesis of cis/trans-CrIII(DMC)–bis(alkynyl) complexes. Conditions: R = Ph, 5 equiv. Li-C2Ph, THF, r.t., 15 h (1); R = Fc, 2.01 equiv. Li-C2Fc,
THF, r.t., 15 h (2); R = C2H, 5 equiv. Li-C4TMS, THF, r.t., 1 h (3); R′ = C2TMS, 5 equiv. Li-C4TMS, THF, r.t., 15 h (4).
Eur. J. Inorg. Chem. 2017, 4068–4076
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Molecular Structures
Single crystals were grown for complexes 1+, 2+, and 3+ with
Cl–, ClO4–, and BPh4– counterions, respectively. The attempt to
crystallize complex [4]Cl failed because of the aforementioned
instability of this complex. The molecular structures of 1+, 2+
and 3+ were determined via single-crystal X-ray diffraction and
are shown in Figure 1, Figure 2 and Figure 3, respectively. The
DMC macrocycle adopts the C-meso configuration in all three
cases. The stereochemistry around the nitrogen centers of the
ring presents as the trans-III configuration (R,R,S,S) (see Figure
S1–S3).[27] This configuration yields a planar equatorial backbone, with the chromium center contained within the nitrogen
plane. All three complexes contain a crystallographic inversion
center. Important bond lengths and angles are compiled in
Table 1.
Figure 3. ORTEP plot of 3+ at the 30 % probability level. Hydrogen atoms and
BPh4– were omitted for clarity.

Table 1. Selected bond lengths [Å] and bond angles [°] for 1+, 2+, and 3+.

Figure 1. ORTEP plot of 1+ at the 30 % probability level. Hydrogen atoms,
Cl–, and solvent molecules were omitted for clarity.

1+

2+

3+

Cr1–N1
Cr1–N2
Cr1–C1
C1–C2
C2–C3
C3–C4

2.081(2)
2.068(2)
2.089(2)
1.213(3)
–
–

2.080(3)
2.062(3)
2.084(4)
1.196(5)
–
–

2.085(2)
2.074(2)
2.071(2)
1.217(3)
1.383(3)
1.192(3)

Cr–C1–C2
N1–Cr1–N1′
N2–Cr1–N2′
N1–Cr1–N2
N1–Cr1–N2′

178.9(2)
180.0
180.0
85.89(9)
94.11(9)

170.1(3)
180.0
180.0
94.3(1)
85.7(1)

173.4(2)
180.0
180.0
85.32(7)
94.68(7)

with an angle of 170.1(3)°. Conforming to the crystallographic
inversion symmetry at the Cr center, the two ferrocenyl groups
of 2+ are in a transoidal arrangement. The Cr1–C1 bond
[2.071(2) Å] in 3+ (Figure 3) is shorter than those in 1+ and 2+,
which is likely attributed to butadiynyl being the most electron
deficient and hence exhibiting the smallest trans-influence.
There is a slight elongation of the C1–C2 bond [1.217(3) Å] compared to the C3–C4 bond [1.192(3) Å].
Figure 2. ORTEP plot of 2+ at the 30 % probability level. Hydrogen atoms and
ClO4– were omitted for clarity.

In complex [1]Cl, the Cr–C bond length of 2.089(2) Å is comparable to the averaged value of 2.085[2] Å for the Cr–C bonds
in trans-[Cr(HMC)(C2Ph)2]Cl[23] and slightly elongated vs. the
averaged bond length for the cyclam analogue, trans-[Cr(cyclam)(C2Ph)2]OTf (2.073[4] Å).[28] As expected, the C≡C bond
length of 1+ falls into the range of accepted values for a
carbon–carbon triple bond at 1.213(3) Å,[29] and is identical to
the averaged lengths observed for trans-[Cr(HMC)(C2Ph)2]Cl
(1.211[2] Å), and trans-[Cr(cyclam)(C2Ph)2]OTf (1.216[5] Å) within
experimental errors. The Cr1–C1 bond length in 2+ [2.084(4) Å]
is comparable to that in 1+. A comparison of the bond angles
of 2+ with those of 1+ and 3+ shows that 2+ exhibits the most
significant deviation from linearity of the Cr1–C1–C2 linkage,
Eur. J. Inorg. Chem. 2017, 4068–4076
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UV/Vis and IR Spectroscopic Analysis
Complexes [1]Cl, [3](BPh4), and [4]Cl display structured absorption bands between 320–500 nm, consistent with what are
expected for a CrIII center, 4A2g→4T1g/4T2g (Oh). Such d–d transitions in a conventional CrIII coordination complex would typically
occur at a much lower molar absorptivity (< 200 M–1 cm–1). For
instance, the starting materials display two broad bands at
386 nm (31 M–1 cm–1) and 568 nm (19 M–1 cm–1) for trans[Cr(DMC)Cl2]Cl in DMF, and 412 nm (98 M–1 cm–1) and 559 nm
(123 M–1 cm–1) for cis-[Cr(DMC)Cl2]Cl in DMSO.[25] Therefore, the
relatively high extinction coefficients in complexes [1]Cl,
[2](ClO4), [3](BPh4), and [4]Cl (600–2500 M–1 cm–1) are evidence
for the d–d bands being intensified by way of mixing with the
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LMCT between the alkynyl ligand and Cr center.
Strongly
absorbing ligand based transitions are observed as well for
[1]Cl, [3](BPh4) and [4]Cl, shown in Figures S4, S7 and S10, respectively. The absorption band at 320–430 nm, the region attributed to the CrIII based d–d transition, does not show fine
structuring for complex [2](ClO4), though the strong absorption
below 320 nm shows indications of fine structuring (Figure
S14). To ascertain the origin of the presumed vibronic structuring in [1]Cl, [3](BPh4) and [4]Cl, the spacing of the vibronic progressions were calculated. For complex [1]Cl the structured
band is observed between 330–440 nm (Figure 4) with vibronic
progressions falling in the fingerprint region (ca. 800–950 cm–1,
Figure S5), making it impractical to assign them to a specific
vibrational mode.

absorption spectrum displays a bathochromic shift compared
to [3](BPh4) (Figure S13), with its highly structured d–d band
between 320 and 450 nm. The calculated vibronic progressions
for [4]Cl (Figure S11) also fall within the range of ν(C≡C) stretching modes for [4]Cl at 2162 cm–1, 2124 cm–1 and 2007 cm–1
determined from the IR spectrum (see the inset in Figure 6).
As previously speculated,[23] this match could indicate vibronic
coupling between the stretching modes of the C≡C units and
the chromium center. In addition to the structured d–d band, a
weak d–d transition is present as a shoulder around 490 nm.
The appearance of the second d–d band is unique to the cisspecies, as previously noted for Cr(HMC)–alkynyl complexes.[23]
Compared to [3](BPh4), the primary d–d band of complex [4]Cl
is far more intense due to the absence of an inversion center
at the Cr center.

Figure 4. Absorption spectrum of trans-[Cr(DMC)(C2Ph)2]Cl ([1]Cl) in methanol.

For solubility purposes, 3 was analyzed spectroscopically as
the BPh4– salt (Figure 5). The most noticeable feature of the
absorption spectrum for complex [3](BPh4) is also the vibronic
fine structure of its d–d band which falls between 290–430 nm.
The calculated vibronic progressions (1885–2027 cm–1, Figure
S8) fall within the range of ν(C≡C) stretching modes observed
at 2133 cm–1 and 1984 cm–1 in the FTIR spectrum of [3](BPh4).

Figure 5. Absorption spectrum of trans-[Cr(DMC)(C4H)2]BPh4 {[3](BPh4)} in
acetonitrile, with the FTIR spectrum of ν(C≡C) stretching modes (inset).

The overall spectrum of complex [4]Cl, shown in Figure 6,
is quite similar to its trans-counterpart, complex [3](BPh4). The
Eur. J. Inorg. Chem. 2017, 4068–4076
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Figure 6. Absorption spectrum of cis-[Cr(DMC)(C4TMS)2]Cl ([4]Cl) in acetonitrile, with the FTIR spectrum of ν(C≡C) stretching modes (inset).

Emission Studies
The emissive nature of CrIII complexes is well established.[22,23,31,32] Because of the pseudo-octahedral geometry
adopted by the complexes [1]Cl, [3](BPh4) and [4]Cl, the transitions can be narrowed to two possible spin-allowed excitations:
the ground state 4A2g to either 4T1g or 4T2g. Intersystem crossing
to the lower lying doublet states, 2Eg and/or 2T1g, allows for
phosphorescence to occur.
Emission spectra of [1]Cl, [3](BPh4) and [4]Cl are displayed in
Figure 7 and relevant parameters are compiled in Table 2. While
complex [2](ClO4) is also emissive at 77 K (Figure S15), the signal
is weak with no discernible lifetime under described experimental conditions, preventing further analysis. The room temperature emission spectra collected for complexes [1]Cl and [4]Cl
show a sharp but featureless peak above 730 nm. The emission
spectrum of [3](BPh4) is broader and shows signs of fine structure even at room temperature. In general, the emission intensities of all three complexes are weaker at room temperature
than those measured in frozen glass. Based on these findings
and previous studies, the observed emissions are assigned as
2
T1g → 4A2g (Oh), due to the redshift of the emissions compared
to value of the traditional 2Eg → 4A2g emission, closer to
700 nm.[23,28] Theory suggests that assignment as 2T1g emitters
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Figure 7. Emission spectra of (a) [1]Cl at room temperature (red; λex = 420 nm) in degassed MeCN and at 77 K (green; λex = 424 nm) in 4:1 EtOH/MeOH
glassing solution; (b) [3](BPh4) at room temperature (red; λex = 403 nm) in degassed MeCN and at 77 K (green; λex = 403 nm) in 4:1 EtOH/MeOH glassing
solution; (c) and [4]Cl at room temperature (red; λex = 427 nm) in degassed MeCN and at 77 K (green; λex = 427 nm) in 4:5 propionitrile/butyronitrile glassing
solution.

Table 2. Photophysical data for complexes [1]Cl, [3](BPh4), and [4]Cl.
Quantum yield[a]
λex [nm]
Φ [%]

Room temperature[a]
λex [nm]
λem [nm]

τ [μs]

1

420

0.01

420

750

95

3
4

403
427

–
0.15

403
427

755
777

113
68

Frozen glass[b,c]
λex [nm]

λem [nm]

τ [μs]

424
424
403
427

745
728
777
780

380
222
358
160

[a] In degassed acetonitrile at room temperature. [b] 4:1 ethanol/methanol glassing solution at 77 K for [1]Cl and [3](BPh4). [c] 4:5 propionitrile/butyronitrile
glassing solution at 77 K for [4]Cl.

implies a difference in π effects of the axial and equatorial ligands, such as a tetraamine complex (σ-donating) with two πdonors in the axial positions.[28,33] It is well established that the
acetylide ligands are π-donating in metal alkynyl complexes,[34]
and this is especially true with an electron deficient CrIII center.[35]
At 77 K, complexes [1]Cl, [3](BPh4) and [4]Cl exhibit lifetimes
of 380 μs, 358 μs, and 160 μs, respectively. Lifetimes were calculated from decay curves generated by measuring the intensity
decrease with increasing delay times (Figures S16–S21). All
three complexes show significantly reduced room temperature
lifetimes at 95 μs, 113 μs, and 68 μs for [1]Cl, [3](BPh4) and [4]Cl,
respectively. This drop is most pronounced for complex [1]Cl,
conceivably due to quenching of the emission by another doublet state. The emission profile of the complex [1]Cl shows one
such emission at 728 nm (Figure 7a). This secondary emission
is less intense than the main emission and significantly blueEur. J. Inorg. Chem. 2017, 4068–4076
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shifted, which is more indicative of an emission from the 2Eg
state[28,36] than the dominant emission at 745 nm originated
from the 2T1g state. The lifetime of this small feature is shorter
than the dominant emission, at only 222 μs. The strong 0–0
emission for [1]Cl is a curiosity, as it should be forbidden for a
centrosymmetric complex.[14] It is likely that a rotation of the
phenyl ring introduces enough asymmetry to make the transition more allowed.
The emission profile of [3](BPh4) is consistent with a centrosymmetric molecule, where the 0–0 transition is not the dominant emission. The room temperature spectrum (Figure 7b) indicates the possibility of additional close lying doublet states
blueshifted from the 0–0 emission at 755 nm (red line), that are
not observed in the 77 K spectrum (green line). Also noteworthy is the significantly shorter lifetime of [4]Cl (160 μs) than that
of its trans counterpart, [3](BPh4) (358 μs). In the past this has
been speculated to be due to a difference in geometric strain

4072

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

116

Full Paper
that may possibly allow for the cis-species to access other or
more favorable relaxation pathways, leading to a decrease in its
lifetime.[37] Complex [4]Cl displays an emission profile typical
for a non-centrosymmetric complex, with a sharp and intense
0–0 emission, followed by less intense vibronic peaks arising
from the relaxation to successive vibrational levels of the
ground state (Figure 7c).
Due to the relatively weak room temperature emission from
CrIII alkynyl complexes,[22,38] there have been very few attempts
in assessing their feasibility for photophysical and photochemical applications, for which quantum yield (QY) determination is
an essential prerequisite. There are examples of QYs for general
CrIII complexes but they tend to be modest.[38,39] QY analysis
was carried out at room temperature employing the method of
standard comparison for optically dilute solutions[40] using a
known standard as a reference,[41] and calculated via the following equation:

where Φ is the quantum yield, A is the absorbance of solution
at λex, and n is the refractive index of the solvent, which in this
case can be ignored as all solutions were prepared in acetonitrile. QYs of 0.0001 and 0.0015 were found for [1]Cl and [4]Cl,
respectively, measured in solution at room temperature. These
QYs correspond well to the in solution value of 1 × 10–4 determined for the relatively strong emitter [Cr(en)3]3+,[38] though
lower than the QY value of [Cr(en)3]3+ measured in frozen glass
at 77 K (0.0090).[39,42] The homoleptic cyano complex,
[Cr(CN)6]3–, displays a QY of 0.0042 in frozen glass.[39] The signal
for [3](BPh4) at room temperature was too weak to obtain a
reliable QY comparison with the Ru(bpy)3Cl2 standard solution,
implying a negligible QY for [3](BPh4).

Voltammetric Study of 2
Due to our interest about the capability of M(cyclam) species
in mediating electron transfer, trans-[Cr(DMC)(C2Fc)2]ClO4
{[2](ClO4)} was included in this series of complexes. For complexes 1–4 the d3 chromium center is electrochemically silent
within the potential window permitted by solvent, as is consistent with a stable t2g3 ion. The presence of two ferrocene units
in [2](ClO4) allows for probing the possible electronic coupling
across the C≡C–Cr–C≡C bridge using electrochemical techniques such as cyclic voltammetry (CV) and differential pulse
voltammetry (DPV).
As can be seen in Figure 8, the cyclic voltammogram shows
a quasireversible 2e– couple at 0.38 V (vs. Ag/AgCl). In an ideal
system the ΔEp for an n-electron process is given by the equation[43] Epa – Epc = 56.5 mV/n.
For complex [2](ClO4), the ΔEp value of 72 mV is significantly
larger than the expected value for the 2e– process (28 mV),
hinting that the couple observed is the result of two closely
spaced 1e– processes. To estimate the separation of these couples (ΔE), differential pulse voltammetry (Figure S22) was performed under the conditions prescribed by Richardson and
Taube,[44] yielding a ΔE of 50 mV calculated based on the peak
Eur. J. Inorg. Chem. 2017, 4068–4076
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Figure 8. Cyclic voltammogram of a 1.0 mM solution of [2](ClO4) in a 0.2
solution of Bu4NPF6 in acetonitrile at scan rate = 0.1 V/s.

M

width at half height for a two-step process (110 mV). This value
is only slightly smaller than those reported for trans-[Fe(cyclam)(C2Fc)2] (74 mV)[45] and trans-[Cr(cyclam)(C2Fc)2]OTf
(63 mV),[32] but significantly smaller than those reported for
trans-Ru2(DMBA)(C2mFc)2 (296 and 207 mV for m = 1 and 2,
respectively).[46] These results may suggest a weak but discernible coupling between the two terminal ferrocenyl groups in
[2](ClO4).

Conclusions
The introduction of CrIII–bis(alkynyl) complexes supported by
the DMC macrocycle continues to broaden the scope of 3d
metal alkynyl compounds. The vibronic coupling observed in
the UV/Vis spectra of [3](BPh4) and [4]Cl may point toward a
capacity to modulate electronic excited states through selectively exciting these vibrational modes. The determination of
phosphorescence quantum yields for [1]Cl and [4]Cl will aid our
excursion into the realm of photochemical properties of 3d
metal alkynyl compounds, which are being pursued in our laboratory.

Experimental Section
Materials: Phenylacetylene and 1,4-bis(trimethylsilyl)butadiyne
were purchased from GFS Chemicals. Ethynylferrocene was synthesized by following a literature procedure.[47] The cis/trans[Cr(DMC)Cl2]X (X = Cl, ClO4) starting material was made following a
modified method by Hay et al.[25] All alkynylation reactions were
performed under a dry N2 atmosphere using standard Schlenk procedures. The tetrahydrofuran (THF) solvent used for these reactions
was freshly distilled from Na/benzophenone.
Physical Measurements: UV/Vis spectra were obtained with a
JASCO V-670 spectrophotometer. FTIR spectra were measured as
neat samples using a JASCO FT/IR-6300 spectrometer equipped
with an ATR accessory. ESI-MS were analyzed with a Waters 600
LC/MS. Magnetic susceptibility measurements of [1]Cl, [2](ClO4), and
[4]Cl were taken using a Johnson Matthey Mark-I magnetic susceptibility balance. The room temperature magnetic moment for
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[26]

[3](ClO4) was determined using the Evans method with chemical
shifts of ferrocene as the reference. Emission studies were performed with a Varian Cary Eclipse fluorescence spectrophotometer.
Elemental Analysis was carried out by Atlantic Micro Labs in Norcross, GA. Electrochemical analysis was done with a CHI620A voltammetric analyzer with a glassy carbon working electrode (diameter = 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCl reference
electrode; the analyte concentration is 1.0 mM in 4 mL dry acetonitrile at a 0.2 M Bu4NPF6 electrolyte concentration. For the quantum yield measurements, all analyte solutions were prepared in
acetonitrile, purged with dry nitrogen and run at room temperature.
The standard solution was matched in absorbance (ca. 0.2) to the
analyte solution at the excitation wavelength (λex = 365 nm). The
standard used for the quantum yield experiments was Ru(bpy)3Cl2,
which is reported as Φ = 0.018 ± 0.002[41] for a Ru(bpy)3Cl2 solution
in non-deaerated acetonitrile at room temperature. After obtaining
the spectra, all data were baseline corrected (to y ≥ 0), the instrument emission correction factors were applied and the emission
area was integrated.
General Synthesis Procedure: cis/trans-[Cr(DMC)Cl2]X (X = Cl, ClO4)
was dried in vacuo and reacted with the appropriate equiv. of lithiated acetylide in THF. After 1–15 h, the reaction was quenched and
purified over a silica gel plug. In general, the desired product band
was collected and a solid was precipitated from the concentrated
product fraction by addition of diethyl ether or hexanes.
trans-[Cr(DMC)(C2Ph)2]Cl ([1]Cl): A suspension of cis-[Cr(DMC)Cl2]Cl (0.234 g, 0.605 mmol) in THF was combined with a solution
of LiC2Ph (prepared from 3.01 mmol PhC2H and 3.88 mmol nBuLi)
in 25 mL of THF and the reaction mixture was stirred for 15 h. Upon
quenching of the reaction with methanol, the crude mixture was
purified over a silica gel plug and the product was eluted with 3:1
CH2Cl2/methanol. The crude product was further recrystallized from
diethyl ether/CH2Cl2 to give [1]Cl as a yellow solid. Yield: 0.229 g
(0.442 mmol; 73.3 % based on Cr). μeff (292 K): 3.40 μB. ESI-MS: m/z =
482 [M+]. UV/Vis, λmax/nm (ε/M–1 cm–1): 353 (475), 364 (506), 374
(513), 388 (503), 401 (522), 416 (341), 433 (298). FTIR: ν̃(C≡C) = 2084
(w), 1940 (w) cm–1. C28H40ClCrN4O {trans-[Cr(DMC)(C2Ph)2]Cl·
H2O} (536.01): calcd. C 62.73, H 7.52, N 10.45; found C 62.31, H 7.50,
N 10.36.
trans-[Cr(DMC)(C2Fc)2]ClO4
{[2](ClO4)}:
Combining
trans[Cr(DMC)Cl2]ClO4 (0.2 g, 0.444 mmol) with a solution of LiC2Fc (prepared from 1.2 mmol HC2Fc and 2.1 mmol nBuLi) in 15 mL of THF
yielded trans-[Cr(DMC)(C2Fc)2]ClO4 after stirring for 15 h, quenching
with methanol. The reaction solution was concentrated via rotary

evaporation and purified over silica gel, eluting [2](ClO4) with acetone, and recrystallized from diethyl ether/CH2Cl2 as rust colored
solid. Yield: 0.235 g (0.294 mmol; 66 % based on Cr). μeff (292 K):
3.57 μB. ESI-MS: m/z = 698 [M+]. UV/Vis, λmax/nm (ε/M–1 cm–1): 272
(4694), 314 (3268), 387 (787), 450sh (380). FTIR: ν̃ν̃ = (C≡C): 2183(w,
broad), 2089 cm–1. C36H47N4O4.5CrFe2Cl {trans-[Cr(DMC)(C2Fc)2]ClO4·
0.5H2O} (806.09): calcd. C 53.58, H 5.87, N 6.94; found C 53.56, H
5.78, N 6.67.
trans-[Cr(DMC)(C4H)2]ClO4
{[3](ClO4)}:
Combining
trans[Cr(DMC)Cl2]ClO4 (0.08 g, 0.1775 mmol) with a solution of LiC4SiMe3
(prepared from 0.89 mmol Me3SiC4SiMe3 and 1.2 mmol nBuLi) in
15 mL of THF yielded trans-[Cr(DMC)(C4H)2]ClO4 after 1 h. The reaction was quenched with methanol. The crude reaction solution was
run over Celite, concentrated and purified over a silica gel plug,
eluting [3](ClO4) last with methanol. During this process the complex desilylates, becoming less stable, particularly in alcohol solution. A yellow solid was isolated as the desired product, recrystallized from a concentrated acetonitrile solution. Yield: 0.035 g
(0.073 mmol; 41 % based on Cr). ESI-MS: m/z = 378 [M+]. UV/Vis,
λmax/nm (ε/M–1 cm–1): 312 (827), 331 (1176), 353 (1461), 380 (1441),
411 (778). FTIR: ν̃(C≡C) = 2139 (w), 1988 (w) cm–1. C20H35N4O6.5CrCl
{trans-[Cr(DMC)(C4 H)2]ClO4·2.5H2O} (523.00): calcd. C 45.93, H 6.75,
N 10.71; found C 45.95, H 6.52, N 10.53.
cis-[Cr(DMC)(C4TMS)2]Cl {[4]Cl)}: Combining cis-[Cr(DMC)Cl2]Cl
(0.25 g, 0.646 mmol) with LiC4SiMe3 (prepared from 3.23 mmol
Me3SiC4SiMe3 and 4.27 mL nBuLi) in 15 mL THF yielded cis[Cr(DMC)(C4TMS)2]Cl after 15 h. The reaction was quenched with
water. The crude reaction mixture was purified over a silica gel plug,
eluting [4]Cl with 50:50 CH2Cl2/acetone. After concentrating the
pure fraction, the desired product was isolated as a pale orange
solid, precipitating upon addition of diethyl ether. Yield: 0.155 g
(0.278 mmol; 42.9 % based on Cr). μeff (292 K): 3.52 μB. ESI-MS: m/z =
522 [M+]. UV/Vis, λmax/nm (ε/M–1 cm–1): 325 (891), 349 (1132), 375
(1885), 404 (2403), 440 (1403), 490 (105). FTIR: ν̃(C≡C) = 2162, 2124,
2007 cm–1. C26H46N4Si2CrCl {cis-[Cr(DMC)(C4TMS)2]Cl} (558.03):
calcd. C 55.93, H 8.30, N 10.03; found C 55.69, H 8.41, N 10.21.
X-ray Crystallographic Analysis
Single crystals of complexes [1]Cl and [2](ClO4) were grown via slow
diffusion of diethyl ether/hexanes into a solution of [1]Cl in CH2Cl2/
methanol and a solution of [2](ClO4) in CH2Cl2/acetone, respectively.
A counterion exchange was performed for complex [3](ClO4) using
an excess of NaBPh4 in an alcoholic solution, and single crystals of
[3](BPh4) were grown by slow evaporation of an acetone/THF solution. X-ray diffraction data for [1]Cl and [2](ClO4) were collected

Table 3. Crystal data for complexes [1]Cl, [2](ClO4), and [3](BPh4).

Chemical formula
Formula weight
Space group
a [Å]
b [Å]
c [Å]
β [°]
V [Å3]
Z
T [K]
λ [Å]
ρcalcd [g cm–3]
R
Rw(F2)

[1]Cl·H2O

[2](ClO4)

[3](BPh4)

C28H38CrN4·Cl·H2O
536.09
P21/n (No. 14)
17.7481 (6)
8.6871 (3)
18.0430 (7)
103.551 (2)
2704.42 (17)
4
150
0.71073
1.317
0.0431
0.1205

C36H46CrFe2 N4·ClO4
797.92
Pbcn (No. 60)
21.6022(7)
10.5433(3)
15.4791(4)
–
3525.50(18)
4
100
0.71073
1.503
0.0643
0.1093

C20H30CrN4·C24H20B
697.69
P21/n (No. 14)
13.6120 (5)
13.5319 (5)
20.5901 (6)
103.102 (3)
3693.9 (2)
4
100
1.54178
1.255
0.0443
0.1182
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with a Nonius Kappa CCD diffractometer using Mo-Kα (λ =
0.71073 Å) at 295 K/150 K, while [3](BPh4) was collected with a
Rigaku Rapid II image plate diffractometer using Cu-Kα (λ =
1.54184 Å) at 150 K (Table 3). The structures were solved using the
structure solution program PATTY in DIRDIF99[48] and refined using
SHELXTL.[49]
CCDC 1531349 (for 1), 1531350 (for 2), and 1531351 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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Eﬃcient Catalysts for Photoinduced Water Oxidation
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ABSTRACT: The preparation of nanoparticulate RuO2 supported on mesoporous silica SBA-15 was optimized to achieve a
uniform dispersion and conﬁnement of RuO2. The supported RuO2 (NP2) has been used as the catalyst for photoinduced water
oxidation with Ru(bpy)32+ as the photosensitizer and S2O82− as the sacriﬁcial oxidant. Both NP2 and the previously prepared
NP1 achieved O2 yields (based on S2O82−) of 95% and 88% and overall quantum eﬃciencies of 11.3% and 10.0%, respectively.
These benchmark numbers far exceed those of many other metal oxide-based catalysts and previously reported RuO2 catalysts. In
addition, NP2 has been recycled up to ﬁve times with minimal loss of activity.
KEYWORDS: RuO2, mesoporous silica, photoinduced water oxidation, catalyst, nanoparticulate

H

For the development of heterogeneous metal oxide catalysts,
minimizing the size of the catalyst and preventing severe
aggregation are the keys to obtaining a high turnover number
(TON) and improving the photon utilization eﬃciency and
turnover frequency (TOF). To achieve these goals, the
utilization of porous support materials has been developed. A
number of porous silica-supported, nanosized metal oxides have
been reported as active catalysts for H2O oxidation, including
RuO2,8 IrO2,8,9 Co3O4,10 and MnxOy.11 These reports
demonstrate signiﬁcant improvement in catalytic activity and
stability compared with unsupported or bulk metal oxides.
Nonetheless, several important performance benchmarks, such
as the nonstoichiometric production of O2 or low quantum
eﬃciency, remain to be improved.
Owing to its low overpotential,12 RuO2 has been known as
one of the most active binary metal oxide catalysts for water
oxidation since the late 1970s.13 A series of Y-zeolite-supported
RuOx and RuOx−IrOx were reported as the catalysts for
photoinduced water oxidation by Lehn in 1980,8 and a similar
series of RuO2/Y-zeolite-based catalysts was reported by
Dutta.14 These early studies demonstrated both the excellent

ydrogen gas has long been considered an environmentally benign and renewable alternative to carbon
fuels.1 A central thrust in current research on hydrogen
generation focuses on photoinduced water splitting.1,2 The
development of viable and eﬃcient catalysts that facilitate O2
production remains the major challenge in the study of the
corresponding half-reaction of water oxidation.3 A widely used
approach for testing photocatalysts involves Ru(bpy)32+ (bpy =
2,2′-bipyridine) as the photosensitizer and S2O82− as the
sacriﬁcial oxidizing agent.4 The overall net reaction can be
expressed as3
2S2 O82 − + 2H 2O + 2hv → 4SO4 2 − + O2 + 4H+

(1)

A plethora of homogeneous catalysts for water oxidation, both
electrochemical and photochemical in which the robustness of
catalyst is a general concern have been reported and reviewed
in recent years.3,5 In a few recent examples, metal oxide
particles derived from molecular precursors were unambiguously identiﬁed as the active species,6 and the poisoning of a
Ru-based molecular catalyst by carbon monoxide derived from
degraded catalyst was noted, as well.7 In comparison,
heterogeneous catalysts based on metal oxide are advantageous
over homogeneous catalysts in their stability, recyclability, and
ability to realize the multielectron transfer process in O2
evolution.
© 2013 American Chemical Society
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Scheme 1. The Synthetic Procedures for (a) NP1 and (b) NP2

performance of RuO2 in water oxidation and the role of zeolite
supports in enhancing the dispersion and surface area of
catalysts.
Mesoporous silica have been widely used as the support of
catalysts15 since the discovery of both the MCM series16 and
the SBA series.17 Recently, we reported the preparation of
nanoparticulate (NP) RuO2 supported on mesoporous silica
SBA-15 (NP1; previously denoted as NP-4%) and its catalytic
application for water oxidation using the sacriﬁcial oxidant
CeIV.18 NP1 was proven quite robust (its TON exceeded 200)
and also the most eﬃcient among all RuO2-based catalysts,
including a mesoporous silica-supported RuO2 catalyst reported
by Bruce.19 The eﬃciency of NP1 is largely attributed to the
high eﬀective surface area of supported RuO2, which was
retained through the conﬁnement eﬀect of the mesoporous
host that prevents RuO2 nanoparticulates from extensive
aggregation during both the post treatments and catalytic
experiments. Reported herein are (1) further improvement of
the NP synthesis to yield NP2 and (2) demonstration of the
utility of both NP1 and NP2 in catalyzing photoinduced water
oxidation.
The previously reported procedure for the synthesis of
NP118 is illustrated in Scheme 1a. The presynthesized RuOx
nanoparticulates (∼1.6 nm)20 were dispersed in water and
loaded into mesoporous silica SBA-15 at a 4 wt % ratio by
stirring and sonication, followed by the removal of water and
the immobilization of NPs into SBA-15 by simple calcination.
In the present study, an additional step of sedimentation and
decantation was introduced to further reduce the aggregation of
nanoparticulates (Scheme 1b). After RuO2·xH2O was redispersed in water, instead of directly mixing with SBA-15, the
suspension was kept static without stirring for 1 week. The
dispersion retained a dark black color with agglomerated RuO2·
xH2O precipitated at the bottom. After decantation, the ﬁne
suspension was mixed with SBA-15 at the same weight
percentage of RuO2·xH2O as for NP1. The concentrations of
RuO2·xH2O in the suspension before and after sedimentation
were measured as 3.0 and 0.8 mg/mL, respectively. The
remaining steps for immobilization were identical to those of
NP1, and the resultant supported RuO2 was named NP2. The
actual loading of RuO2 is 4.0 ± 0.3 wt %, estimated on the basis
of the weight increase from SBA-15 to NP2 as well as the mass
of dried precipitate after decantation.
Figure 1a shows a typical TEM image of NP2. The shadowed
areas in this image are attributed to RuO2 nanoparticulates. The
shadows are light in grayscale and quite scattered throughout
the porous framework, indicating excellent dispersion of RuO2
within the pores. Furthermore, this image reveals hardly any
noticeable dark spots that were observed in the TEM image of
NP1,18 suggesting a low degree of aggregation of RuO2 in NP2.
Figure 1b shows a high-resolution TEM image close to the

Figure 1. (a, b) TEM images of NP2.

surface of the silica support, where the particles tend to severely
agglomerate; however, in this case, the RuO2 nanoparticles
within the mesopores (at the upper side of this image) are
adequately separated, and on the disordered silica surface, the
spots with sizes around 10 nm consisted of only 3−6
distinguishable particles.
Supported oxygen-evolving catalysts with such small particle
sizes are scarce. For instance, both Co3O4/SBA-1510 and
MnOx/KIT-611 composites prepared in the laboratory of Frei
consist of catalyst particles larger than 50 nm, and Co3O4/ KIT6 reported by Jiao contains particles of ∼25 nm diameter.21
The only supported catalyst with size comparable to the RuO2
particles was reported by Bruce,19 for which a very elaborate
synthetic path dictated the smallness of the mesopores (<3 nm)
and the limited exposure of the catalytic particles that were
embedded in the silica walls. These factors possibly restrict the
mass transfer within the pores and the contact between the
liquid phase and the nanoparticles, leading to slower water
oxidation than that of NP1.18 It is worth mentioning that in
Figure 1b, the ordering of the mesopores started deteriorating
under the intense electron beam while the nanoparticles stayed
intact. Figure S1 in the Supporting Information shows the same
area less exposed to the electron beam, where mesoporous
ordering was better preserved. The robustness of the dark
particles under the intense electron beam is consistent with the
fact that these darker sites consist of RuO2 rather than silica.19
The above description conﬁrms that the sedimentation
procedure eﬀectively removed the majority of the aggregated
RuO2 NPs and resulted in a better-dispersed distribution of
NPs within the silica framework than NP1 and that RuO2
remained as nanoscale particulates without serious fusion
during loading and calcination. This conclusion is further
supported by the powder X-ray diﬀraction patterns (Supporting
Information Figure S2). Compared with submicrometer-sized
RuO2 supported on SBA-15 (denoted as RuCl3-4%18) and
commercial bulk anhydrous RuO2, both of which yielded peaks
characteristic of rutile-structured RuO2, neither NP sample
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showed distinguishable peaks. This is indicative of the low
degree of fusion and crystallization10,11 of RuO2 due to the
restriction eﬀect of the silica walls on RuO2 aggregation.
The eﬀect of catalyst loading on the porosity of SBA-15 was
analyzed with nitrogen sorption experiments. The BET areas of
NP2 and NP1 are 534 and 531 m2 g−1, and pore volumes
obtained at P/P0 = 0.99 are 0.70 and 0.68 cm3 g−1, respectively.
The reduction in both surface areas and pore volumes of the
two samples compared with that of the original SBA-15 (575
m2 g−1 and 0.75 cm3 g−1) are only 7−9%, indicating the scarcity
of mesopore blockages by the loaded catalysts. Figure 2a shows

or calibrated for, and additional light harvesting due to outside
light leaking into the reaction system was minimal (<1%).
Figure 3a shows the percentage of oxygen generated based
on the stoichiometry of Na2 S 2 O 8 , where 100% yield

Figure 2. (a) Nitrogen sorption isotherms of SBA-15, NP2, and NP1
and (b) the corresponding pore size distributions (2−12 nm)
calculated from adsorption (solid) and desorption (hollow) branches
via the Barrett−Joyner−Halenda (BJH) method. The isotherms of
NP2 and SBA-15 are oﬀset vertically by 200 and 400 cm3 g−1, and the
pore diameter distributions of NP2 and SBA-15 are shifted by 0.4 and
0.8 cm3 g−1 nm−1, respectively.

Figure 3. (a) Oxygen gas evolution catalyzed by NP2, NP1, RuCl3-4%,
and bulk RuO2 and (b) instantaneous (solid lines) and cumulative
(broken lines) Φ values of corresponding reactions.

corresponds to the complete conversion of Na2S2O8 to O2.
The initial TOF of each sample, deﬁned as 4 times (because the
oxidation of water is a 4e− process) the rate of the generation of
O2 per RuO2 unit per minute right after the induction period,
was calculated on the basis of the linear ﬁtting of the data
between 5 and 15 min (every adjusted R2 for the ﬁtting is 0.997
or higher), with the induction period of 0−5 min being
truncated. The calculated TOFs and the yields of O2 (at 150
min) are 1.64 min−1 and 95% for NP2, 1.48 min−1 and 88% for
NP1, 0.84 min−1 and 61% for RuCl3-4%, and 0.52 min−1 and
40% for bulk RuO2. The NP series, especially NP2, shows
excellent performance in achieving both high TOFs and nearly
quantitative O2 yields. The RuOx/Y-zeolite-catalyzed photoinduced water oxidations were reported by Lehn8 and Dutta,14
with TOFs and yields of O2 of 0.24 min−1 and 31% and 0.11
min−1 and 30%, respectively. Recently, the Yoshida group
reported the incorporation of RuO2 nanoparticles into polymer
gel,24 which exhibited a TOF and yield of 1.0 min−1 and 20%,
respectively. Although a direct comparison is hard to make
because of the diﬀerence in test conditions (temperature,
photon inﬂux, concentrations of chemicals and oxidizing
agents), it is clear that the NP series enables much higher O2
yields. It is also noteworthy that the O2 yield for NP2 is better
than those obtained using other metal oxides under similar
catalytic conditions, for example, 35−65 nm sized MnxOy
nanobundles (55%)11 and 70−90 nm Co3O4 nanoclusters
(58%)10 supported on mesoporous silica; Co ions embedded in
porous aluminum phosphate (17%);25 and unsupported
particles of IrO2 (69%),26 LaCoO3 (74%),27 and NiFe2O4
(74%).28
The excellence of NP2 in the catalysis of water oxidation can
be attributed to the intrinsically high activity of Ru species
toward water oxidation12 and the smaller size and better

the isotherms of SBA-15, NP2, and NP1. SBA-15 and NP2
exhibit typical H1 hysteresis loops. NP1 diﬀers in the
desorption branch where the convergence of adsorption and
desorption branches is postponed to P/P0 ∼ 0.45, in
comparison with ∼0.6 for SBA-15 and NP2. The delayed
convergence of the two branches often happens to pores
possessing a bottleneck-type structure, in which the entrance is
smaller than the internal pore.22 For NP1, the characteristic
two-step desorption branch and the delayed convergence
therefore indicate that RuO2 is successfully loaded into the
pores, although a fraction of the entering or internal pores are
narrowed by the catalyst.23 The lack of such characteristics in
NP2 thus suggests that RuO2 nanoparticulates are scattered
enough that the pore size is not inﬂuenced by their loading.
The pore size distributions (Figure 2b) also show that all three
samples possess the same pore diameter of 7−8 nm (from
adsorption branches), but only NP1 has mesopores partially
narrowed by the loaded catalyst (indicated by the additional
distribution at 3.5−6 nm in the desorption branch).
NP2 and NP1 were tested as catalysts for photoinduced
water oxidation. For comparison, reactions were also tested for
RuCl3-4% and commercial unsupported bulk RuO2 under the
same conditions. For each reaction, 12 mg of supported catalyst
or 0.48 mg of RuO2 (3.6 μmol of RuO2, set as 1.0 equiv) was
dispersed in a Na2SiF6/NaHCO3 buﬀered solution10 (pH =
5.4) with 1 equiv of Ru(bpy)3Cl2·6H2O, 9 equiv of Na2S2O8,
and 45 equiv of Na2SO4. A light source of 454 nm wavelength
was used to excite the sensitizer. An Ocean Optics FOSPOR-R
oxygen sensor was adapted for real-time monitoring of the
evolved oxygen in the headspace. Leaking of the air in the
headspace was either negligible (<1% of the yield within 24 h)
2476
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dispersion of RuO2 naoparticulates. It is known that photoexcited Ru(bpy)32+* is oxidized by S2O82− to Ru(bpy)33+, which
is subject to degradation due to the nucleophilic attack of water
and OH− before reaching the surface of the catalyst, where the
electron transfer from the catalyst to Ru(bpy) 33+ happens.25,28,29 Hence, the high surface area of RuO2 in NP2
enables more expedient access of Ru(bpy)33+ to catalytic sites,
which contributes to a high TOF.
Because of the diﬀerence in reaction conditions, it is
impractical to make a direct comparison of various catalytic
systems on the basis of O2 evolution rate and TOF. To further
compound the problem in the comparison of photocatalytic
reactions with other literature reports, the photon inﬂuxes in
diﬀerent experimental setups are hardly comparable or often
not speciﬁed in the papers. Hence, a meaningful comparison
with literatures should be based on quantum eﬃciency (Φ). In
this report, the photon-inﬂux from the light source to the
cuvette was measured via chemical actinometry,30 and then
both the cumulative and instantaneous Φ of the overall reaction
system were estimated on the basis of the equations below,
where each absorbed photon corresponds to the transfer of two
electrons.31

Figure 4. The evolution of oxygen gas catalyzed by NP2 at diﬀerent
cycles. For the numbered cycle n, the number n indicates the nth cycle
of the reaction catalyzed by NP2 dispersed in new or renewed
solution.

aggregation or leaking of RuO2, or both the conversion ratio
and rate would remarkably deteriorate, as observed in the case
of unsupported nanoparticulate RuO2 catalyzing Ce(IV)induced water oxidation.18 Since the catalyst remained quite
active after the sixth recycle, the real catalytic capability for
conversion should substantially exceed the TON (4 × moles of
O2 produced/mol of RuO2) of ∼200 calculated from the six
runs. In conclusion, the preparation of mesoporous silicasupported RuO2 nanoparticulates has been optimized to
improve the dispersion and size distribution of RuO2 in the
mesoporous framework. Thus obtained NP2 exhibits higher
catalytic eﬃciency than other RuO2 catalysts in photoinduced
water oxidation, and excellent yield, and a quantum eﬃciency
exceeding most metal oxide catalysts in literature. It has the
potential to be incorporated into photoinduced water splitting
catalytic system as an eﬃcient O2 evolution cocatalyst.

cumulative Φ
2 × O2 molecules produced since 0 min
=
photons absorbed by rxn suspension since 0 min
× 100%

(2)

instantaneous Φ
2 × rate of O2 molecules production at time t
=
rate of photon absorption by rxn suspension at time t
× 100%

■

(3)

Figure 3b provides a qualitative trend of Φ: it increases after
an induction period, peaks at 8 min (for both NP2 and NP1), 9
min (RuCl3-4%), or 12 min (bulk RuO2), and then gradually
decays. The order of photon utilization eﬃciency is as follows:
NP2 > NP1 > RuCl3-4% > bulk RuO2. The highest
instantaneous Φ for NP2 is 31%, evident of the excellent
photon utilization eﬃciency of NP2 system. Cumulative Φ data
similarly prove that the series of RuO2 catalysts, especially NP2,
utilizes the photon energy more eﬃciently: at 50 min, the
cumulative Φ is 11.3%, 10.0%, 6.5%, and 4.4% for NP2, NP1,
RuCl3-4%, and bulk RuO2, respectively. Supported metal oxide
IrO2,32 Co3O4,10 and MnxOy11 nanoparticles have reported Φ
values of 11%, 18%, and 11%, respectively; however, these
reported Φ values were based on the initial rates (the maximal
rates) of oxygen evolution, which do not reﬂect the true
cumulative Φ throughout the entire course of reaction. In the
present study, the maximal instantaneous Φs (at ∼10 min) are
above 25% for both NP1 and NP2, which are signiﬁcantly
higher than those of the aforementioned catalysts.
The recyclability of NP2 was then tested (Figure 4). After
each cycle of reaction, the supported catalyst was centrifugated
and redispersed in a freshly prepared reaction solution with
other compositions identical to the initial run. Such recovery/
reinitiation cycles were repeated ﬁve times and yielded the
oxygen evolution curves 2, 3, 4, 5, and 6. Although the kinetics
of oxygen production varied slightly over recycles, the catalyst
largely retained O2 conversion ratio over ﬁve recycles,
generating 95−86% of the theoretical amount of oxygen gas
at 150 min. It can be inferred that there was a minimal
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